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The rate of occurrence of bursts of ionization from 140 
pounds of lead shot was measured in a fifty liter, Dowmetal 
ionization chamber, filled with nitrogen at 14.5 atmospheres 

and the 
ionization 


pressure, at four elevations between sea level 
summit of Pike's Peak (4300 The 
chamber was so designed as to minimize the random 


meters). 


fluctuations of the cosmic-ray ionization. The increase in 


/ I ‘HE occurrence of large bursts of ionization 
in 


a closed vessel, first noticed by G. 
Hoffmann! in 1927, has since been the object of 
many investigations. Of vital importance to the 
understanding of this phenomenon is the question 
of the nature of the radiation which produces it. 
The most direct attack upon this question would 
appear to involve a study of the variation of the 
rate of occurrence of these bursts with altitude. 
As part of the general program of investigation 
at the Bartol Research Foundation concerning 
burst production, observations have been made 
at four elevations—at Pike’s Peak (4300 m), at 
Glen Cove (3500 m), at Colorado Springs 
(1860 m) and at Swarthmore (61 m), the same 
apparatus being used in all cases. 

The bursts of ionization were observed in a 
fifty liter, spherical chamber cast of Dowmetal. 
The chamber was made gas tight by means of a 
close-fitting internal shell of aluminum and was 


* This work was supported by a grant from the American 
Philosophical Society. 

tA preliminary report was made at the Pittsburgh 
Meeting of the American Physical Society, December 28-29, 
1934. 

'G. Hoffmann, 


London, October 


International Conference on Physics, 


1934. 


the rate of occurrence with elevation was found to be 
very large, and increasingly greater at higher elevations. 
The rates of occurrence of all sizes of bursts greater than 
1.5 10* ions in the chamber increased with elevation in 
the same manner. The results are discussed in the light of 
W. F. G. Swann’s theory. 


filled with commercial nitrogen to a pressure of 
14.5 atmospheres. The electrodes were a series of 
concentric, spherical shells spaced at an average 
distance of five centimeters. The change of 
potential of the electrodes when a burst occurred 
was measured by a vacuum tube electrometer. 
Fig. 1 shows the circuit diagram of the apparatus. 
The galvanometer used had a sensitivity of 
approximately fifty megohms and a period of 
three seconds. The yoltage sensitivity of the 
whole apparatus was about 1700 mm, volt, and 
the charge sensitivity 510° ions/mm. During 
the observations the sensitivity was determined 
at frequent intervals by the application of a 
known voltage to the control grid of the vacuum 
tube by means of the dry cell and potentiometer 
unit in the control box (resistances R; and R; in 
Fig. 1. 

The observations at Pike’s Peak and at Glen 
Cove were taken visually; those at Colorado 
Springs and at Swarthmore by photographic 
registration. The galvanometer spot was allowed 
to fall upon a horizontal slit placed in front of a 
moving strip of photographic paper. Fig. 2 
such a record, taken at 


shows a section of 
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Fic. 1. Circuit diagram of the vacuum tube electrometer. 
R, =4 X10" ohms R,=10 ohms 
R: = 100 Re =18,000 * 
Ry= 1 #6 C; =1.23 X10~-" farad 
Ry, =400 ” Ge sxwe ™ 


Swarthmore. The upper trace on the paper was 
taken with no lead above the chamber, and a 
burst of ionization is indicated by a downward 
deflection. The lower trace was taken with 140 
pounds of lead above the chamber. Here the 
galvanometer leads have been reversed, and a 
burst’is indicated by an upward deflection. The 
lead, in the form of shot, was contained in seven 
heavy canvas bags which were tied onto the top 
of the sphere. The thickness was not uniform, 
but its average may be estimated to be equivalent 
to four centimeters of solid lead. Only bursts of 


ionization greater than 1.5X10° ions were 
measured. 
The smallest size of burst which can be 


measured with reasonable certainty in an ioniza- 
tion chamber depends upon the magnitude of the 
statistical fluctuations in the ionization of the 
cosmic rays passing through the chamber. Let ¢ 
be the time interval during which a burst of 
ionization is observed, i.e., the time of collection 
of the ions. Let r represent the standard deviation 
. of the ionization during unit time. Then the 
standard deviation in the ionization occurring in 
the time ¢ is rf‘. The rate of occurrence of a 
fluctuation of size S ions or greater is given by 


[1 wane Vi%dy where y=S/rt'. 
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The value of r, if it cannot be conveniently 
measured, may be estimated in the following 
way. If the cosmic radiation consisted of single, 
unrelated rays passing through the chamber at 
random, at the rate of N per second, then r 
would be JN!, where J is the average ionization 
produced by one ray. Since it is known that 
groups of two and more related rays occur 
frequently, this value for r must be multiplied by 
a corrective factor. This factor may be estimated 
from the cloud-chamber observations of C. D. 
Anderson*® to be about 1.5 at sea level. It is 
greater than this at higher elevations. Any other 
fluctuations present, such as those caused by 
alpha-particles, must, of course, be taken into 
account also. It is to be noted that the rate of 
occurrence of large fluctuations may be much 
reduced by reducing the value of ¢. 

In the chamber employed for these observa- 
tions the collecting time reduced to a 
minimum value by reducing the spacing of the 
electrodes (to 5 cm), by applying a relatively high 
potential (574 volts) and by using only as high a 
pressure (14.5 atmos.) as necessary to 
eliminate the fluctuations of the alpha-particle 
ionization. By these means, the value of ¢ was 
reduced to 0.5 second. If one chooses for the 
value of N, 2.510 per cm? per second ;’ for 
the mean path of a ray through the sphere, two- 
thirds of the diameter ; for the specific ionization, 
60 ions per centimeter; a saturation of 72 
percent as estimated from the data of I. S. 
Bowen ;' and a pressure of 14.5 atmospheres; the 
standard deviation in the ionization in the 
interval of 0.5 second at sea level is 1.3 10° 
ions.® It is more difficult to estimate the size of 
the fluctuations at Pike’s Peak. However, the 
ratio of the fluctuations in a chamber at Pasadena 
to those at an elevation of 14,700 feet on the 
magnetic equator has been reported by Evans 
and Neher.? Because of the of the 
magnetically deflected rays at Pike’s Peak, the 
standard deviation in the ionization there will be 


was 


was 


presence 


?C, D. Anderson, Phys. Rev. 44, 406 (1933). 
R. Evans and V. Neher, Phys. Rev. 45, 144 (1934 

3]. C. Street and R. H. Woodward, Phys. Rev. 46, 1029 
(1934). 

*W. F. G. Swann, Phys. Rev. 44, 961 

51. S. Bowen, Phys. Rev. 41, 29 (1932). 

§ This also involves the assumption that every ionizing 
ray has sufficient penetrating power to travel across the 
chamber through the electrodes. 


See also 


1933). 
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ALTITUDE VARIATIO 


rasce I. 


Rate of occurrence (per hour) 


Size in ions Swarthmore Pike's Peak 


5x10 0.4 260 
10° <0.004 1.1 
1.5 x 10° <0.004 <0.004 


somewhat larger than that computed from this 
ratio. Table I gives the rates of occurrence of 
fluctuations larger than a given size at Swarth- 
more and at Pike's Peak. It is to be noticed that 
the fluctuations are well below the chosen lower 
limit of size of bursts measured, namely, 1.5 x 10° 


ions. 


OBSERVATIONS AND RESULTS 


At each of the four stations where observations 
were taken, an effort was made to have as little 
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Fic. 2. Sample of photographic record. Lower trace 


with lead, upper trace without lead. Sizes of bursts in 
millions of ions. 


material as possible over the apparatus. At 
Swarthmore, the observations were taken in a 
building with a thin wooden roof, on the roof of 
the Bartol Research Foundation Laboratory. In 
Colorado Springs, the apparatus was placed 
under a large skylight on the top floor of Palmer 
Hall at Colorado College. At Glen Cove, the 
apparatus was located on the first floor of a 
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Fic. 3. Frequency distributions of bursts at the four elevations 








432 C. G. MONTGOMERY 






CHAMBER + LEAD 


NOH Bad wIB/INN 


= 








/ 
J 
J 
/ 
METERS OF WATER 
i 2. 4 i 4 | 0! 
10 6 6 


Fic. 4. Variation of rate of occurrence of bursts with 
altitude. 


wooden, two story building, and at Pike's Peak, 
in the Summit House under a sheet iron roof. 
Table II gives the elevation data for each station. 











TABLE II. 
Swarth- Colo. Glen Pike's 
Station more Springs Cove Peak 
Elevation (m) 61 1860 3500 4300 
Barometer (mm Hg) 756 607 494 445 
Depth below top of 
8.25 6.73 


atmos. (m of water) 10.27 6.04 








The frequency polygons shown in Fig. 3, 
represent the data taken. The difference between 
the corresponding ordinates of the polygons 
representing the data taken with lead over the 
chamber and without the lead, respectively, is 
taken to represent the number of bursts which 
originate in the lead. The vertical lines at the left 
of each polygon give the standard deviation in 
the rate of occurrence of bursts between 1.5 and 2 
million ions as computed from the square root 
of the number of such bursts observed. All the 


bursts greater than 7.5 million ions have been 
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Fic. 5, Frequency distribution of bursts from lead reduced 


to a common total rate. 


classed together and are indicated to the extreme 
right of each diagram. Bursts greater than twenty 
million ions would throw the galvanometer off 
scale, and their size could not be determined, but 
their occurrence was recorded. It is to be noticed 
that, although at sea level the bursts without lead 
present form only a small fraction of the number 
with the lead, at Pike’s Peak they represent about 
31 percent of the total. 

The variation with elevation of the rate of 
occurrence of all the bursts greater than 1.5 
million ions is given in Fig. 4. The vertical lines 
again represent the standard deviations of the 
points. The increase with elevation is surprisingly 
rapid and much greater than the increase either 
in the total intensity of the cosmic radiation or in 
the softest known component of it. The number 
of bursts with no lead present increases even 
faster with altitude than the bursts from lead. 
However, since an appreciable fraction of these 
bursts might originate in the surrounding walls 
and roofs, this increase might be ascribed almost 
entirely to differences in the surroundings of the 
chamber. 

For lead, the increase with elevation seems to 
be the same for all sizes of bursts measured. 
This may be seen from Fig. 5. Here the fre- 
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Fic. 6. Barometer effect for bursts with lead on chamber 
at Pike's Peak. Line A is least squares fit, line B estimated 
from variation of rate of occurrence of bursts with elevation. 


quencies for each size of burst at each elevation 
are divided by the ratio between the total rate of 
occurrence of bursts at that elevation and that at 
Swarthmore, and plotted against the size of 
burst, the rate for each interval of size being 
plotted at the beginning of that interval. The 
smooth curve is drawn through the mean of the 
Swarthmore, Colorado Springs and Pike's Peak 
points. Within the accuracy of their determi- 
nation, all the points are seen to fit this smooth 
curve. Using the assumptions already stated 
under the discussion of fluctuations, the number 
of rays which would be needed to produce the 
ionizations observed in these experiments is 
about 51 rays per million ions. 

There is an independent check upon the 
variation in the rate of occurrence of bursts with 
elevation reported here. The Pike’s Peak data 
were taken during such a time that the change in 
the number of bursts with barometric pressure 
could be estimated. Fig. 6 shows the results of this 
analysis. The line A is the best fit, by least 
squares, to the four points representing rates of 
occurrence of bursts greater than 1.5 million ions 
which occurred when lead was over the chamber. 
The slope of this line is —7.1 bursts per hour per 
mm Hg, with a probable error of 2.3 in the same 
units. The slope of the curve for lead chamber in 
Fig. 4, at the elevation of Pike’s Peak, also gives 
a value for this ‘‘barometer effect,’’ viz., —2.7 
bursts per hour per mm Hg. Line B in Fig. 6 
represents this estimate. The agreement between 
the two values is fair considering the paucity of 


relevant data, the difference being just less than 
twice the probable error of the first value. From 
the slope of the same curve (Fig. 4) at the 
Swarthmore point, a barometer effect of about 
0.5 percent per mm Hg may be estimated. This 
cannot be reconciled with the value 5 percent per 
mm Hg reported by Steinke, Gastell and Nie,’ 
but is not in disagreement with experiments of 
the authors which showed the effect to be less 
than 1 percent at Swarthmore. 


DISCUSSION 


The number of bursts which occur at any 
elevation should be proportional to the number of 
burst-producing rays J multiplied by the 
probability » that such a ray will produce a 
burst. The observed variation with elevation may 
be the result of a change in either or both of these 
quantities. 

If we assume that p is independent of the depth 
below the top of the atmosphere, then Fig. 4 
represents the absorption curve of the radiation 
which produces bursts. We see that this radiation 
is not exponentially absorbed, but the absorption 
coefficient, defined as the derivative of the 
logarithm of the function at the point considered, 
varies from about 1.8 per meter of water at 
Pike's Peak to about 0.4 per meter of water at sea 
level. The actual values of these absorption 
coefficients will vary considerably with the shape 
of the curve that is drawn through the points in 
Fig. 4 and hence express only the general 
character of the variation. This ‘‘component”’ of 
the cosmic radiation, however, cannot produce 
any appreciable ionization, since all the ioniza- 
tion, even at very high elevations, has been 
accounted for by previously reported com- 
ponents.* 

On the other hand, the variation with elevation 
may all be caused by a variation in the proba- 
bility p. This point of view has been developed 
by W. F. G. Swann.’ Swann assumes that the 
number of nonionizing corpuscular cosmic rays is 
independent of elevation, but that their energy 
decreases by the production of showers of rays as 


7E. G. Steinke, A. Gastell and H. Nie, Naturwiss. 51, 
898 (1933). 

* 1. S. Bowen, R. A. Millikan and V. Neher, Phys. Rev. 
44, 250 (1933). 

*W. F. G. Swann, Phys. Rev. 46, 828 (1934), 
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they pass through the atmosphere. It is the 
ionization produced by these showers that is 
measured in an ionization chamber. The ioniza- 
tion increases with altitude because the number 
of showers the energy of the 
primary rays. The number of showers produced 
in air may be expressed as N,;,=/(£), where E is 
the energy of the primary rays. The number of 
showers which will be produced in lead will be 
represented by Np, = F(£), which may be quite a 
different function of E from f(£). It is Np, which 
is measured in these experiments. The data are 
fairly well represented by the assumption that 


increases with 


F(E)«f?(E) This agreement is illustrated in 
Table IIT. 

TABLE III. 

Swarth- Colo. Glen Pike's 

Station more Springs Cove Peak 

Relative ionization*® 1 1.80 3.51 4.78 

Relative ionization squared 1 3.24 12.3 22.8 

3.04 13.8 26.6 


Relative No. of bursts 


Thus the observations seem to have a simple 
interpretation from the point of view of Swann’s 
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theory. The actual details of the mechanism 
of burst production may be, of course, much more 
complicated than is represented above. There 
may be a number of intermediate steps between 
the loss of energy by the primary ray and the 
formation of the ionizing rays of the burst as, for 
example, the shower producing photons which 
seem to be necessary in order to interpret the 
photographs of C. D. Anderson and Blackett and 
Occhialini.” 

The authors wish to express their appreciation 
of the cooperation of President Davies and of 
Dr. Paul E. Boucher of Colorado College. They 
are also indebted to Mr. Benjamin Stewart and 
to Mr. Orrie Stewart of Colorado Springs, who 
provided space for the apparatus on Pike's Peak 
and at Glen Cove. To Dr. W. F. G. Swann, 
without whose helpful advice and continued 
support of the project these experiments could 
not have been carried out, the authors are deeply 


grateful. 
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1° See, for example, P. M. S. Blackett, 
Conference on Physics, London, October, 1934. 
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On the North-South Asymmetry of Cosmic Radiation 


G. Lemaitre, M.S. VALLARTA AND L. BoucKAERT, University of Louvain and Massachusetts Institute o 


f Technology 
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The development of the theory of the latitude and azimuthal effects is reviewed and the 
significance of Johnson's experiments on the north-south asymmetry is brought out. St6érmer's 


critical remarks are commented on with reference to Lemaitre and Vallarta's paper and to 


recent papers by Lemaitre and by Bouckaert. 


HE theory of the latitude and azimuthal 

effects of cosmic radiation' developed by 
Lemaitre and Vallarta has now been sufficiently 
carried through by Bouckaert to lead to precise 
results for sufficiently high energies (x >0.414 in 
the energy units defined by Eq. (12) in (I) ) and 
low geomagnetic latitudes. For these energies the 
cone) has been 


allowed cone (mot a circular 


calculated by Bouckaert except for angles close to 


1G. Lemaitre and M. S. Vallarta, Phys. Rev. 43, 87 
(1933); G. Lemaitre, Ann. de la Soc. Sci. de Bruxelles A54, 
162 (1934); L. Bouckaert, Ann. de la Soc. Sci. de Bruxelles 
AS4, 174 (1934). These papers will be referred to here as 
(1), (11), CIID), respectively. 


the horizon. His results (III) are reproduced in 
Fig. 1, drawn for positive particles, which gives 
the orthogonal projection on the horizontal plane 
of the trace of the cone on the unit sphere, for 
xo =0.45, 0.5, 0.6 and 0.7 and 
magnetic latitudes A4=0°, 10° 20°. 
positive particles, which alone will be considered 
for the moment, the cone at the equator opens 
from the west and is symmetrical with respect to 
the east-west vertical plane. As the latitude 


geo- 


FF ¢ r 


energies 
and 


increases the eastern boundary of the cone of a 


given energy moves towards the east and 


markedly shifts towards the south. As a conse- 
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quence one must expect in the northern hemi- 
sphere, as already pointed out in our first paper 
(1), a greater intensity from the south than from 
the north. Using Bouckaert’s formulae we may 
calculate the cone for \ = 29° and sufficiently high 
energies, but since at this latitude the con- 
vergence of his series expansions becomes doubt- 
ful we must await the results of further investi- 
gations now under way at this Institute with the 
help of Bush’s differential analyzer. There is 
scarcely any doubt that the north-south asym- 
metry at \= 29° will be much more marked than 
that at }= 20°; however it will be necessary to 
include a discussion of some energy values below 
the critical value x)= 0.414. As Lemaitre (II) has 
shown, in this energy range the principal part of 
the cone is surrounded by an infinite number of 
narrow bands extending clear over to Stérmer's 
limiting circular cone defined by his equation for 
sin @ with y,=1 (I, Eq. 14). As we have shown, by 
Liouville’s theorem’ the intensity in the principal 
part of the cone and in each band is exactly the 
same, but because of the narrowness and number 
of these bands, for practical purposes the 
intensity tapers off from the principal cone to the 
forbidden region. In the language of optics the 
principal part of the cone is a fully lighted region 
surrounded by penumbra. The contribution of 
the penumbra is probably negligible; estimates of 
it may be given later. 

The theoretical prediction of the southern 
effect has been recently confirmed experimentally 
by Johnson*® who as a result of measurements 
made in Mexico at 29° geomagnetic latitude, 
with the method of triple coincidences, has 
reported a greater intensity from the south than 
from the north. The ratio of the difference to the 
mean value of the south and north intensities 


? Paper (1). Liouville’s theorem has been applied inde- 
pendently to the present problem by E. Fermi and B. 
Rossi, Rend. della R. Accad. Naz. dei Lincei 17, 346 (1933). 
It has been discussed at length by W. F. G. Swann, Phys. 
Rev. 44, 224 (1933). A simple proof that the intensity is the 
same in all allowed directions, independent of Liouville’s 
theorem, has been given by W. F. G. Swann, by B. Rossi, 
Ricerca Scientifica 1, 569 (1934) and by G. Lemaitre (11). 
This application of Liouville’s theorem has been criticized 
by C. Stérmer, Publ. Univ. Obs. Oslo No. 10 (1934) and 
Phys. Rev. 45, 835 (1934). However, in the latter paper he 
seems to agree with W. F. G. Swann that our result is cor- 
rect for an infinitely thin tube of orbits which, since this 
tube can be arbitrarily chosen, is all that is needed for our 
application of Liouville’s theorem. 

lr. H. Johnson, Phys. Rev. 47, 91 (1935). 














Fic. 1, Orthogonal projection on horizontal plane at 
observation point of traces of cones on unit sphere. Positive 
particles, northern hemisphere. — —rA = 0°; — 
d= 10°; -----v=20°. 


plotted as a function of zenith angle (reference 3, 
Fig. 1) has a minimum at about 40°. This 
minimum seems to be due to a secondary effect 
due to absorption in the atmosphere and will be 
discussed in connection with similar anomalies 
observed in the east-west effect in a forthcoming 
paper by Vallarta and Schremp. 

To account for his experimental findings 
Johnson invokes a ‘‘shadow effect"’ due to certain 
trajectories being stopped by other regions of the 
earth. Such a shadow effect has been considered 
by Lemaitre (II) and has led to a distinction 
between two kinds of orbits which can be on the 
surface of the cone at a given point, for a 
particular energy and a given value of y;. The 
orbits of the first kind are orbits which do not 
vary continuously with respect to infinitely small 
changes of the derivatives at the given point. 
Lemaitre has proved from general theorems on 
the existence and continuity of integrals of 
differential equations that orbits of the first kind 
must be periodic or asymptotic to periodic 
orbits. The orbits of the second kind do not 
involve discontinuity with respect to the final 
conditions. They fix the limit of orbits which 
would intersect the earth before reaching the 
given point. These orbits of the second kind 
must be tangent to the earth before reaching the 


given point so that for small changes of the 


Es ee 
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direction at that point either they are intercepted 
by the earth or they just escape its surface. They 
exist only when the trajectory after approaching 
the earth recedes again and then returns. This 
can occur only when x is smaller than about 
0.414. Both the approximate (I) and Bouckaert’s 
determination of the cone make use only of or- 
bits of the first kind, as orbits of the second 
kind do not exist for energies x,=0.45. It is 
therefore clear that the southern effect is not 
mainly due to the ‘‘shadow effect.”’ 

Hitherto our discussion has been confined to 
positive particles in the northern hemisphere. 
For negative particles the cones are the mirror 
images, with respect to the meridian plane, of the 
cones drawn in Fig. 1, therefore the southern 
effect will be the same for positive as for negative 
particles, while the east-west effect will be 
reversed. Therefore the north-south asymmetry 
depends on the sum of the positive and negative 
intensities while the east-west asymmetry de- 
pends on their difference. This opens a possibility 
for determining the percentage of magnetically 
deflectable particles of either sign. In this con- 
nection one must not overlook that primary 
positives and negatives, if the latter exist, would 
presumably be of different kinds and would have 
different laws of absorption. In the southern 
hemisphere the cones drawn in Fig. 1 would be 
their mirror images with respect to the east-west 
vertical plane, and the southern excess observed 
in the northern hemisphere should be replaced by 
a northern excess, irrespective of the particles’ 
sign. Experiments are already planned for the 
purpose of testing this conclusion. 

We take advantage of this opportunity to 
make a few remarks on our first paper (1). This 
paper was avowedly not written as a complete 
and final treatment of the problem, but rather 
was intended, first, as an outline of a general 
method of attack and, second, as a report of an 
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approximate theory for the interpretation of 
experimental results. Papers (II) and (III) are 
further developments along the same line of 
attack which, although representing a _ real 
advance, must be continued still further. 
Although Stérmer* prefers other methods of 
attack the statement of his problem is precisely 
the same as the statement of ours. 

We first wish to note that the limiting value of 
vy: for which Stérmer’s periodic orbits disappear 
and which we had estimated in our first paper 
(1) to be 0.783 has been more accurately calcu- 
lated by Lemaitre® who finds the value 0.78856. 

As we have pointed out above, Stérmer’s limit 
for y:=1 is reached for energies x» < 0.414 by the 
region of penumbra. On the other hand, our 
limit y; = 0.78856 is an absolute lower limit which 
is not reached for every value of xo. Stérmer® has 
studied the orbits reaching the pole and has 
shown that for y,;<0.9312 all these orbits come 
from infinity. Therefore for infinitely small 
values of x9 our upper limit is raised from 0.78856 
to 0.9312 and takes values for 
values of +; in this interval. Therefore our curves 
(I) for small energies are somewhat steeper than 


intermediate 


there drawn. 

We also note the following errata in our first 
paper (1), most of which have been pointed out 
by Stérmer in the Physical Review? 


line, read “west"’ instead of 


p. 88, Section III, 4th 
“east"’; 

p. 89, Eq. (7 

p. 89, Eq. (9) change sign before integral in numerator; 

p. 89, Section IV, 24th and 28th lines, read “Eq. (10)” 


delete factor 1/2; 


instead of “Eq. (9)"; 
p. 89, Eq. (18) p. 90, Table I and p. 90, 2nd line, read 
“C/4y,;2" instead of “C"’; 
p. 90, Table I, 4th col., ist line, read “‘1’’ instead of ‘0”’. 
‘ Reference 2, and further Publ. Univ. Obs. Oslo No. 12, 
1934); Astrophysica Norvegica 1, 1 (1934). 
><. Lemaitre, Ann. de la Soc. Sci. de Bruxelles A54, 194 
(1934). 


*C. Stérmer, Terr. Mag. and Atm 375 (1932). 
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Frequency and Magnitude of Cosmic-Ray Bursts as a Function of Elevation 


Race D. Bennett, Gorpon S. Brown AND Henry A. RAuMEL, Massachusetis Institute of Technology 
(Received January 29, 1935) 


Measurements of the magnitude and frequency of 
cosmic-ray bursts have been made at elevations of 185, 
1620, 3240 and 4300 meters above sea level for periods of 
time ranging from 189 to 336 hours, using one of the new 
cosmic-ray intensity meters: of the Carnegie Institution. 
Only bursts releasing more than 10’ ion pairs are con- 
sidered. The rather meager data which could be collected 
in these short times of observation indicate that: (1) Burst- 


INTRODUCTION 


URING the past summer the first of the new 

cosmic-ray intensity meters! being built at 
the University of Chicago under the direction of 
Professor A. H. Compton and under the sponsor- 
ship of the Carnegie Institution of Washington, 
was taken to Colorado for a field test at different 
altitudes. Observations were made on the Uni- 
versity of Denver campus at 1620 meters eleva- 
tion, at Echo Lake at 3240 meters elevation and 
at the summit of Mt. Evans at 4300 meters 
elevation. 

The field test of the instrument showed it to be 
sound in principle and sufficiently rugged to 
perform perfectly under the most adverse con- 
ditions. During the course of the field tests 
records extending over some eight hundred hours 
were accumulated, and to these through the 
cooperation of Drs. E. O. Wollan and R. L. 
Doan of the University of Chicago, we have been 
able to add over 250 hours of observations made 
at Chicago, 185 meters elevation, giving us data 
at four levels. From these records we have made 
a study of bursts of ionization (Hoffmann 
Stésse), investigating their frequency, magnitude 
and other properties in relation to barometric 
pressure and mean intensity of ionization. 


CRITERIA FOR RECOGNIZING BURSTS 


Fig. 1 shows a section of record for the period 
10:00 p.m., July 23, to 5:00 a.m., July 24, taken 
with the instrument operating at the summit of 
Mt. Evans, elevation 4300 meters. The trans- 
verse lines on the record represent intervals of 


‘Compton, Wollan and Bennett, Rev. Sci. Inst. 5, 415 
(1934), 


frequency decreases with burst magnitude in a way which 
can be represented by a series of exponentials. (2) These 
large bursts contribute only a small fraction of the total 
ionization. (3) The magnitude of the largest burst observed 
increases rapidly with altitude, one observed at 4300 
meters elevation exceeding 10° ion pairs or 3 X 10" electron 
volts of energy released in the chamber. 


one hour, and the longitudinal lines are milli- 
meters deflection. The smooth white line is a 
record of barometric pressure, and the jagged 
black line indicates the position of the elec- 
trometer needle and hence the variation of 
cosmic-ray intensity above and below the mean 
value to which the compensation mechanism is 
set. At the end of each hour the electrometer is 
automatically reset to an arbitrary zero and 
every four hours its sensitivity is measured, 
although the sensitivity dots are not easily per- 
ceived in this reproduction. Several bursts of 
ionization are shown in the record of Fig. 1. The 
one at 10:30 p.m. corresponds to more than 
765 X10° ions and sent the indicator off scale 
when the sensitivity and zero were set at op- 
timum values for average observing. Those of the 
cluster between 2:00 a.m. and 5:00 A.M. range in 
magnitude from 46 10* to 102 « 10° ions. 

The first step in a study of the recorded bursts 
is to set up criteria for distinguishing between 
true bursts and statistical variations which may 
have the appearance of bursts. The traces of the 
bursts possess several general characteristics 
which help to distinguish them, such as direction 
of deflection of the indicator, initial and average 
steepness of the deflection, duration and mag- 
nitude of the deflection. 

After selecting the bursts on this basis, an 
estimate was made (see Appendix) of the prob- 
able number of statistical variations which 
had been included because they were indis- 
tinguishable from bursts. To do this, the time 
necessary to collect the ions from a burst was 
calculated and the calculation checked by 
measurements from the record. Next, the average 
number of rays traversing the chamber during 
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F1G. 1. Section of record for the period 10 p.m. July 23 to 5 a.m. July 24. Instrument operating at summit 
of Mt. Evans. 


the time of collection of the ions was calculated 
from measurements of average ionization, as- 
suming 135 ions per cm in air at atmospheric 
pressure (see Appendix). On the assumption 
that these rays come singly and are randomly 
distributed in time we have calculated the 
expected frequency of statistical fluctuations of 
magnitudes as large as the smallest of those we 
have included in our tabulations. In all cases the 
expected number of such fluctuations is neg- 
ligibly small compared to the number of bursts 
observed. 

However, a fraction of the rays will occur in 
groups as a result of their originating in bursts 
either of small numbers of tracks or so placed 
that only small numbers enter the chamber. 
Observations with cloud chambers indicate that 
the fraction of the rays occurring in groups is 
small near sea level. At other elevations the mag- 
nitude of this fraction is unknown. Hence it is 
not possible at present to calculate the effect of 
grouping on statistical fluctuations. This effect 
introduces some uncertainty into our values for 
numbers of bursts in the smaller magnitude 
groupings though it seems doubtful that this 
uncertainty is larger than that due to the small 
number of observations. 


BuRST-FREQUENCY AS A FUNCTION OF 
MAGNITUDE 
In Fig. 2 we have grouped and plotted all the 
bursts observed at each of the four elevations. 
The minimum magnitude included at the three 
upper levels was 20 < 10° ions, and at the lowest 
level, 10 10° ions. The group magnitude chosen 


for the two upper levels was 20 10° ions, and 
for the two lower levels, 10 10° ions. Any other 
reasonable grouping leads to a similar result. 
We next resorted to a smoothing process which 
enabled us to pass smooth curves through the 
block curves resulting from the grouping. This 
process is illustrated in detail in Fig. 3, with the 
data taken at the summit of Mt. Evans. The 
block curve I is integrated by addition to give 
the points of curve II indicated by the crosses. 
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Fic. 3. Method of analysis of burst-frequency curves 

















Curve II is then drawn through the crosses, and 
differentiated graphically to give curve III. 

It was desired to obtain a mathematical ex- 
pression for curve III. To do this we plotted the 
logarithms of the ordinates of curve III at the 
corresponding abscissae and obtained the points 
indicated as crossed circles. Three straight lines 
appeared to pass through these points very well, 
indicating that curve III might be reasonably 
well represented by three exponentials. We also 
found this to be the case at the two intermediate 
levels. At the lowest level the data, taken indoors, 
indicate only two exponentials. 

From this plotting process we obtained the 
equations of the form 


R=Rye = + Roe ant Roe ayn (1) 


shown in Fig. 2 for smooth curves representing 
the block curves. The values of coefficients and 
exponents were obtained graphically by deter- 
mining the coefficient and exponent of the lowest 
curve directly, subtracting the values obtained 
from this coefficient and exponent from those of 
curve III, replotting and similarly obtaining the 
slope and intercept of the next lowest curve, etc. 
The equations were checked by calculation of 
representative points, and as a whole by inte- 


TABLE I. Constants of Eq. (1) calculated from curves. 








. RATIOS OF 
ELEva- COEFFICIENTS EXPONENTS EXPONENTS 


TION R; Ro Rs ai ae a3 @i/@2 @2/G3 41/as 


4300m 0.75 0.19 0.0015 046 0.204 0.034 2.25 60 

3240m 0.92 0.042 0.0010 0.75 06.223 0.029 3.35 7 

1620m 5.0 0.086 0.0007 1.5 0.343 0.048 4.37 7.1 
= - ‘ 


185 m 0.42 0.0026 0.64 0.086 — 








gration, the integral of R with respect to m 
leading to the total rate observed when bursts of 
all sizes between the smallest recorded in the 
block curve and infinity are included. 

The coefficients and exponents obtained by the 
above process are given in Table I. These have 
been reduced in such a way that all apply to a 
common group magnitude of 10x 10° ions. 

On account of the relatively small number of 
data at our disposal it is difficult to say whether 
the trends indicated in the table are signifi- 
cant. The exponents @;, ds, @3; are probably 
reliable to within approximately 20 percent, but 
we do not consider the coefficients R;, Re, Rs, 
good to within better than 100 percent. Ob- 
viously more extensive data are necessary before 
laws of variation of burst-frequency with burst- 
magnitude can be definitely established. The 
effect of the slate, steel and concrete roof over 
the apparatus at Chicago seems to have been to 
eliminate the group of smallest bursts. 

In order to investigate the possibility that all 
cosmic-ray ionization phenomena might occur as 
a result of bursts, we have calculated the total 
rate of ionization contributed by bursts of all 
sizes from those corresponding to but one par- 
ticle passing through the chamber up to bursts 
corresponding to an infinite number of particles, 
on the assumption that all burst phenomena can 
be represented by the three exponentials ob- 
tained above. The result is given in Table II. 

The numbers of column 4 indicate that bursts 
in these classifications account for only an ex- 
tremely small fraction of the total ionization. 
However, our data actually deal only with bursts 
of about 50 or more tracks at the lowest eleva- 
tion, and about 100 or more tracks at the other 
elevations. It appears, therefore, that the fre- 
quency distribution of the very small bursts 
(showers) must be quite different. In connection 
with this point the data on showers given by 
Evans and Neher® were plotted in a manner 
~ ? Evans and Neher, Phys. Rev. 45, 144 (1934). 
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TaBLe II. Calculations which show that bursts in these classt- 
fications contribute but a small fraction of the total ionization. 





NO. OF IONS PER OBSERVED PERCENT OF 
SEC. CONTRIBUTED TOTAL NUM- TOTAL IONS 
BY BURSTS UF ALL BER OF IONS CONTRIBUTED 
ELEVATION MAGNITUDES PER SECOND BY BURSTS 
4300 m 0.0261 « 108 5.18 « 108 0.504 
3240 m 0.0102 « 10* 3.62 *K 108 0.282 
1620 m 0.0088 x 10* 2.50 « 108 0.352 
185 m 0.0036 * 10° 1.55 x 106 0.245 





similar to our burst data, as shown in Fig. 4. A 
mathematical expression representing this curve 
is F=2.2¢-?**+0.063e~°-™*. In this case we have 
used the number of tracks r as abscissae and the 
fraction of the total observed number of showers 
F as ordinate, the scale at the left applying to F 
and that at the right to logy F. There result 
again two exponentials, though these are not 
directly comparable with our derived expon- 
entials because of the different scales used. The 
two sets of data can, however, be compared by 
calculating from our data the expected relative 
numbers of single-track, double-track, triple- 
track, etc., showers, using the data at the 185- 
meter elevation as being most nearly compar- 
able to that obtained in cloud chambers. The 
ratios are given in Table III. 


TABLe III. 





EXTRAPOLATED 


CLOUD-CHAMBER LARGE BURST 
RATIOS DATA DATA 
Double to single 0.113 0.99 
Triple to single 0.015 0.97 
Quadruple to single 0.008 0.96 





The table indicates that the variation with 
magnitude for very small bursts (showers) of a 
few tracks must be very much different from that 
of the large bursts we have observed. These 
analyses seem to indicate that the relation 
between burst-frequency and burst magnitude 
can be represented by a series of many expo- 
nentials. 


RELATIVE VALUES OF VARIOUS QUANTITIES 


In Fig. 5 we have plotted a number of quan- 
tities as functions of barometric pressure. In 
order to see more easily the relative rates of 
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Fic. 4. Plot of data on showers given by Evans and Neher. 


increase of these quantities we have plotted the 
ratio of the magnitude at each elevation to the 
magnitude found at Denver. The values at 
Denver were taken as basic rather than those at 
Chicago, because at Chicago the instrument was 
operated under a roof, whereas at each of the 
other locations it was in a tent. The resulting 
curves indicate the following: 

(1) The values of total ionization taken with 
the new instrument at the three upper levels plus 
a fourth taken especially for us outdoors at 
Chicago by Dr. R. L. Doan, give an absorption 
curve of the usual shape. The values found for 
ionization (per cm* per second reduced! to air at 
1 atmosphere) fall below those found for this 
latitude with the 1932 apparatus by about the 
amount to be expected with the increased 
shielding on the new machine. 

(2) The total number of bursts increases at 
about the same rate as the total ionization up to 
an elevation of about 3240 meters, after which 
it rises much more rapidly.* 

(3) The number of very large bursts, specifi- 
cally bursts releasing more than 100 10° ion 
pairs within the chamber, increases much more 
rapidly with altitude than does the total ion- 
ization. Further, the rate of increase of this 
quantity also increases rapidly with elevation. 

(4) The magnitude of the largest burst ob- 
served at each elevation increases at least as 


* Considering only bursts greater than 20 x 10° ions. 
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Fic. 5. Plot of various quantities associated with cosmic-ray 
bursts as a function of barometric pressure. 

fast as the total ionization. (At the summit the 

very large bursts threw the indicator off scale.) 

(5) The fraction of the total ionization con- 
tributed by bursts greater than 20 x 10° ion pairs 
is not constant. This fraction is less at Denver 
than at Chicago, the higher value at Chicago 
perhaps being due to bursts originating in the 
roof over the instrument. This fraction increases 
very rapidly again above 3240 meters. 

Three bursts at the 4300-meter level were of 
sufficient magnitude to exceed the range of the 
scale of the instrument at the sensitivity used. 
The records indicate that these bursts released 
10° or more ion pairs. Using the value of 135 ion 
pairs per cm in air, some 5000 tracks would be 
required to produce so many ions. With 30 
electron volts expended for each ion pair the 
energy becomes of the order of 3X 10'° electron 
volts. Since the absorbing power of the argon in 
our chamber was equivalent to only about 2 mm 
of lead, whereas the shielding amounted to some 
120 mm, it seems reasonable to expect that the 
total energy released approached 10” electron 
volts, in agreement with the findings of others. 


CONCLUSIONS 
For the type of apparatus used and for bursts 
of magnitude greater than 20 10° ion pairs: 


(1) The burst-frequency decreases with magnitude of 
burst in a way which can be represented by a series of 
exponentials. 

(2) The total burst-frequency increases with elevation, 
at approximately the same rate as the total ionization up 
to 3000 meters, but considerably more rapidly for higher 
elevations. 

(3) The frequency of very large byrsts increases much 
more rapidly with elevation than the total ionization. 

(4) The magnitude of the largest burst likely to be 
observed increases with elevation more rapidly thane the 
total ionization. 

(5) The observed bursts contribute a very small fraction 
of the total ionization. However, the possibility that all 
the ionization comes from bursts is not excluded, since 
the contribution of the smaller but much more frequent 
bursts is not included. 

(6) The number of ions released in a burst is a function 
of the size of the chamber, those observed in the 1932 
apparatus of 1/2-liter capacity amounting to a few tens 
of millions of ion pairs; those reported by Millikan in a 
chamber of 1.6 liters capacity amounting to the order of 
one hundred million ion pairs; those in the new instrument 
of volume 19.3 liters amounting to about one thousand 
million ion pairs. This would indicate that the physical 
dimensions of the instruments have not yet exceeded the 
physical dimensions of the bursts. 

(7) The very large bursts may result either (a) from 
larger numbers of tracks than the number of constituent 
entities yet observed for any single atom, indicating the 
cooperation of a number of atoms; (b) from particles of 
greater ionizing power than those most commonly recog- 
nized in a cloud-chamber work; (c) possibly from material- 
ization of the energy of photons into particles. 
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APPENDIX 


On DISTINGUISHING BETWEEN BURSTS AND STATISTICAL VARIATIONS 


Supposedly the bursts of ionization indicated on the 
records are produced by a large number of ionizing rays 
traversing the chamber in a time which is small compared 
with any natural period inherent in the instrument. Such 
natural periods in this instrument result from the period 
of the electrometer itself and from the time necessary for 
the ions to migrate to the electrodes under the influence of 
the collecting field. The electrometer period at the sensi- 
tivities used is of the order of one second, and negligibly 
small compared with the time necessary to collect the ions, 
as is demonstrated below. Hence, where the background 
of single rays (or multiples involving small numbers of 
rays) is large, as in this case, a sudden statistical variation 
in the rate of production of ions may resemble a burst 
when such a variation takes place in a time which is 
comparable with the time necessary to collect ions. This 
time may be calculated approximately, as follows. 

The longest time involved will result when ions are 
produced near the inner surface of the outer sphere and 
have to be drawn all the way to the inner collector. It is 
true that as soon as the ions begin to separate, their 
influence begins to be felt by electrostatic induction on the 
inner collector, but the full change in voltage is not felt 
until they actually arrive at the collector. Hence this 
calculation gives the maximum possible time to realize 
the full effect of the charges. For the sake of simplicity 
the chamber and collector may be assumed to be concentric 
spheres of radii r; and re, respectively, without seriously 
impairing the accuracy of the result. 

The field strength at any radius r is 


E, = Viyre/(t2—1)r’, 


where V=total voltage between spheres; r,;=radius of 
collector sphere; r:=radius of external sphere. Let u 
= mobility of ions in cm/sec. /volt /cm at 1 atmos. pressure; 
v, = velocity in cm per sec. of ions at radius r; p= pressure 
in atmospheres. 


Then 
vp =pE,/p=dr/dt, dt =dr/v, = pdr/pE,; 
or 
Tl, r (To? Ts 
t= & , tae = - rdr, 
r=") wE, Vurire ~ "1 
(reo—r 
ae ~" — (r2’—r,*) seconds. 
3} ;Tou 


In this case 1=1.37 (Smithsonian Tables); V=250 v: 
p=50 atmos. ; 72 = 17.8 cm; 7, =5.7 cm (mean of max. and 
min. diameters of collector). Thus ¢ = 32 seconds. 

This sets an upper limit for the time necessary to 
collect the ions from any burst, provided of course the 
instrument has been in operation long enough to clear 
away the very large and slow ions found initially in such 
a chamber. In no case would it be possible to realize as 
long a period as this, since it would not be possible to 
produce a large amount of ionization right at the outside 
wall by means of many particles traveling in straight lines. 


Records were taken for two days at Echo Lake at four 
times normal speed. It was possible to get a fairly accurate 
(5 percent) measure of the time constant of the apparatus 
from the large bursts found on these records, and a less 
accurate measure from large bursts on other records made 
at normal speed. These experimental values range between 
14 and 23 seconds, which is well within the calculated 
upper limit of 32 seconds. 

By knowing this period it is possible to calculate the 
expected frequency of statistical variations resembling 
bursts which might be mistaken for them in reading the 
records. This may be done as follows: 

Let m=number of ion pairs per cm path in air at 1 
atmos.; f=factor between argon at 50 atmos. and air at 
1 atmos. (f=67.0)'; mf=number of ion pairs per cm in 
argon at 50 atmos.; s=mean length of path of particle 
traversing the chamber, assuming that every particle 
passes completely across the chamber. 


s=4r./3 or 23.7 cm 


In calculating the average number of ions per particle, 
there are a number of possible choices for m ranging from 
31 to 135.2 To get the largest expected frequency of 
statistical bursts, one should choose the largest of these 
values, namely, 135. Then nfs = 214,200 ions per particle 

Let N=total number of ions produced per second on 
the average. Then N/nfs=average number of particles 
per second. In time At we get x= NAt/nfs particles and 
NAt total ions. 

The probability P that in the interval of time At there 
will be collected not NAi ions but (NAt+B) ions (where B 
is the number of ions in an apparent burst) or that there 
will be not x= NAt/nfs particles but (x+y) =(NAt+B)/nfs 
particles is by Poisson's law® 


P=x**¥e*/(x+y 


By Sterling's approximation: 


Hence 


and 


log P = y log e+ (x+-y)[log x—log (x+y) ] 
-} log 2x — } log (x+y). 
The case where a statistical variation is most likely to 
be mistaken for a burst occurs when reading from the 
records the smallest bursts where the background due to 
single particles and small showers is largest. The back- 
ground is largest at the summit of Mt. Evans, and the 
smallest burst which can be conveniently read from the 
records is one of about ten million ions. The existence of a 
statistical variation of a given magnitude becomes more 
probable the longer the instrumental period chosen. Hence 
we shall take the longest period found experimentally, 
namely, 23 seconds. A burst of 10° ions is equivalent to 
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46.6 particles on the above assumptions, and the back- 
ground of 5.18X10* ions per second at the summit is 
equivalent to 24.1 particles per second or 555 particles in 


a 23-second period. Then 


x=555, y=40.6, x+y =0601.6, 


and P=1/430 


Hence we should get one statistical burst of 10° ions in 
430 periods of 23 seconds each, or about one every 2.75 
hours, which is a rate comparable to that observed. 
However, if we consider the prevalence of statistical 
twenty million ion bursts we find we should expect one 
about every 730 hours, which would amount to about 0.25 
percent of the total observed. On this basis we felt safe 
in including all bursts greater than 2 X10’ ions at the three 
higher elevations. At Chicago the expected frequency of a 
statistical 10’ ion burst is found to be one every 42.2 hours 
and for a 1.5%10* ion burst, one every 18,000 hours. 
Actually we observed 6.8 bursts between 10° and 210’ 


ions per 42.2-hour period at this elevation, so only bursts 
less than 10’ ions were omitted at this elevation. 

There is, of course, the possibility that these large 
fluctuations may result from instrumental accidents. The 
possibility of incipient arcs, as suggested by Millikan and 
Neher,’ is definitely ruled out by the construction of the 
instrument, as has been pointed out.‘ Furthermore, bursts 
occur when the total voltage on the chamber is reduced 
to less than the ionizing potential of argon. Battery 
fluctuations have no effect on the recording system because 
of the electrostatic balance arrangement.' We are certain 
that the recording system is amply shielded against 
electrostatic disturbances, since frequent nearby lightning 
strokes, as well as corona streaming from tent poles, 
nearby rocks, etc., at noted times, produced no disturbance 
of the recording mechanism. Hence we feel justified in 
retaining the full numbers of bursts as read from the 
records and plotted in our curves. 


Millikan, Anderson and Neher, Phys. Rev. 45, 141 (1934 
*R. D. Bennett, Phys. Rev. 45, 491 (1934 
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An absorption spectrum of acetylene in the region 1520A 
to 1050A has been found. It appears at very low pressures. 
The analysis was made by obtaining the spectrum of 
acetylene made from about 50 percent heavy water. The 
small isotopic shifts of many bands revealed them to be vi- 
brationless electronic transitions. These are arranged into 
two Rydberg series going to the same limit which corre- 
sponds to an ionization potential of 11.35 volts. The upper 
levels of the two series are designated as np and npll 
levels. The excitation and ionization are from the CC bond 
and only vibrations affecting this bond appear. The char- 
acter of the vibrations present is deduced from the mag- 


GREAT deal of data has been accumu- 

lated on the acetylene molecule in the 
ground state. It is known that the molecule is 
linear and symmetrical. The five frequencies in 
the unexcited state have been identified correctly 
and the infrared and Raman spectra of this 
molecule have been thoroughly worked out. 
Until recently there has been a scarcity of 
reliable data on the absorption of acetylene in 
the ultraviolet. Kistiakowsky' obtained a set of 
bands in the region 2400—2000A but was unable 
to obtain a satisfactory analysis of them. The 
author working with a vacuum grating spectro- 
graph has obtained an extensive system of bands 
extending from A=1520—1050A. The bands 
were obtained in absorption, the source being a 
Lyman continuum. The appearance of the bands 
is somewhat complex and it was only by taking 
the absorption of heavy acetylene that sufficient 
clues were found to enable the analysis to be 
made. The spectrum yields a spectroscopic value 
for the potential of acetylene, a 
plausible value for the energy of the triple CC 
bond and gives an insight into the absorption 
spectra in the far ultraviolet of many other 
polyatomic molecules which have been investi- 
gated more recently by the author. 

The vacuum spectrograph used in this work 
was of the grazing incidence type, the angle of 
incidence being about 78°. The grating was a 
glass one of about 2 meters radius of curvature 


ionization 


* Commonwealth Fellow. 
' Kistiakowsky, Phys. Rev. 37, 277 (1931). 


nitude of the isotopic shifts. Strong predissociation occurs 
around 1520A. This yields a value of about 187 Cal/mole 
for the strength of the triple CC bond. A similar set of 
bands appears in ethylene in the region 1750A to 1200A. 
The bands are more diffuse than those in acetylene, and 
only one strong Rydberg series was discovered. The limit 
of the series corresponds to an ionization potential of 10.41 
volts. The vibrational analysis is similar to that in 
acetylene. The spectrum of ethane is extremely diffuse and 
no analysis of it could be made. It is concluded that, as in 
methane, all the upper states are unstable. 


and ruled with 30,000 lines to the inch. The dis- 
persion varied from 2.5A/mm at 1700A to 
2A/mm at 1000A. The discharge tube used for 
obtaining the continuum was of the type de- 
signed by Collins and Price.? It was operated by 
the discharge of a condenser of about 3yuf 
capacity charged to a potential of 15,000 volts 
through a capillary of 1 mm bore. The pressure 
was measured by means of a Pirani hot wire 
gauge. The advantage of this type of gauge was 
that it gave a continuous record of the pressure. 
This is very important in taking absorption 
photographs since the 
remain sensibly constant throughout the ex- 


unless pressure does 
posure the absorption bands tend to be blurred. 
Lines in the spectrum of molecular hydrogen 
were used as standards. 

The method of obtaining 
spectrum of acetylene was as follows: 


absorption 
Tank 


acetylene was purified by passing it through five 


the 


spiral wash bottles containing water, chromic 
acid, mercuric chloride in HCl, copper nitrate 
in nitric acid and sodium hydroxide. It was then 
dried over P.O; and led into the back of the 
spectrograph through a long fine capillary. The 
partial pressure of acetylene was never higher 
than 0.1 mm Hg in the high pressure pictures, 
and less than 0.001 mm in the low pressure ones, 
the path length being about 1.5 meters. Hy- 
drogen was used as a conducting gas in the dis- 
charge tube. 


2 Collins and Price, Rev. Sci. Inst. 5, 423 (1934 
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Fic. 1. The absorption spectrum of acetylene in the far 
ultraviolet. 


As is seen from Fig. 1 a very rich absorption 
spectrum is obtained. It contains both diffuse 
and sharp bands. The bands obtained by Kisti- 
akowsky round 2300A are sharp. The bands 
shown here round 1500A are very diffuse. At 
1350A they are less diffuse and below this they 
become sharp again. Towards the shorter wave- 
lengths they become very numerous and overlap, 
eventually reaching a limit at about 1050A. 
From this point on a continuous absorption 
starts. However, it becomes rapidly weaker and 
at about 800A the substance is again transparent. 
This transparency below 800A is also found for 
ethylene even when comparatively high pressures 
are used. It extends at least as far down as 150A, 
as observed by emission lines. 

The bands can be conveniently divided into 
two classes. 

Class I bands have a single head and are 
shaded towards the red. At low pressures and 
with very narrow slit widths (of the order of 
0.001 inches) they appear as a single absorption 
line which is somewhat diffuse on the long wave- 
length side. They are, therefore, assumed to 
contain only P and R branches, and are desig- 
nated as parallel bands. 

Class Il bands have two fairly sharp heads 
which are shaded towards the red. At low 
pressures they appear as a narrow absorption 
doublet having a separation of about 0.2A. The 
heads are apparently caused by the R and Q 
branches of the bands. A measurement of the 


separation of the heads gives a value for the 
moment of inertia of the molecule. 

Taking the value of the moment of inertia of 
the molecule in the ground state to be 23.51 
x 10-*° ¢ cm*® we obtain for the band at 1247A, 
1=25.0010-" g cm? as compared with the 
value /=25.610- g cm*® obtained by Kisti- 
akowsky for the bands round 2300A. The heads 
of the bands at shorter wavelengths have all 
about the same wave-number separation as that 
at 1247A. It thus appears that J changes con- 
siderably with the first electronic jump, the sub- 
sequent increases being comparatively small. 
The bands of class II are termed perpendicular 
bands. They contain P, Q and R branches. 

Acetylene possesses five possible vibrational 
frequencies in both the upper and lower states. 
Because of the complexity of the spectrum great 
difficulty was experienced in trying to find these 
frequencies and then to assign them to the 
correct modes of vibration. The whole problem 
was, however, cleared up by obtaining the ab- 
sorption of heavy acetylene which was made 
from a few drops of (60 percent) heavy water 
kindly supplied by Professor Taylor of Princeton 
University. A special type of generator was used 
for this purpose but it is not considered necessary 
to describe it in detail here. 

The photographs for the heavy acetylene 
which contained about 45 percent C,DH, 45 
percent CoH». and 10 percent C.D. are shown in 
plate J(/7). A large number of the bands are 
apparently not shifted, but a closer investigation 
of the low pressure photographs shows that some 
of them suffer very small shifts. The micro- 
photographs enlarged 20 diameters, show that 
the doublet at 1247A has now a third component 
on the short wavelength side, becoming a triplet. 
The increased relative intensity of the central 
component indicates that the long 4 component 
of the heavy acetylene doublet overlaps the 
short A component of that of light acetylene. The 
shift is very small, being only 0.30A=20 wave 
numbers. Consequently these bands must be due 
to electronic transitions between the funda- 
mental levels of the initial and final states. They 
suffer only a small isotopic shift due to the 
change in the difference of zero point energy 


between these two states. 
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’ indicates the ground state. 


‘ indicates the excited state. 


It is assumed here that v, does not change 


appreciably in going over from light to heavy 
acetylene. Our subsequent analysis will justify 
this. 

As the vibration frequencies in the ground 
state are greater than those in the upper state, 
the change (w,’’—wy"’) will be greater than the 
change (w,'’—wy') as both depend on approx- 
imately the same mass factors. Consequently 
va—vz_ is positive and there will be a shift 
towards the violet. The magnitude of the shift 
will be small and it is only on account of the high 
dispersion of the instrument that it could be 
detected. Only the fundamental electronic trans- 
itions of the bands of class II could be revealed 
this way. The v's of the parallel bands were 
found by the apparent absence of shift and the 
fact that they fitted into a certain Rydberg 
series. [The head of the band of C.DH fell in a 
region where the corresponding band of CsH» 
was absorbing. | 

The 


amounts and their second members are easily 


vibration bands are shifted by larger 
detected by the doubling of their shifts, vibra- 
tions of the same type all being shifted propor- 
tionally. There are some bands of appreciable 
intensity to the red side of all the very strong 
bands. These can be interpreted as transitions 
from an initial transverse vibrational state. The 
transverse vibrations in acetyi ne are of such 
small frequencies (605 and 7390 wave numbers) 
that they must be present in appreciable quan- 


tities at room temperatures. 


ANALYSIS OF THE BANDs 


When the vo's of class I bands were taken it 
was found that 
closely by the following Rydberg series: 


they were represented fairly 


st 
—_ 


R (n—0O.50)") n 3. 4. 


vo" = 9) 076 


* In this formula the transverse frequencies have to be 
multiplied by two as they have two degrees of freedo 





PRICE 


and those of class II by 


vo" =91,950— R/(n—0.95)? n=3, 4.5. [I 


An idea of the accuracy with which the bands are 
represented by these formulas may be obtained 


by inspection of Table I: (The accuracy of the 


— P , _¢ . , 
PaBLe I. Observed and calculated frequencies of class I and 
; 
class Il bands 
Ciass I Crass Il! 
Int Wave number " Int Wave 1 

Obs { ] Obs Calk 
; OD 4516 $518 ; wonpp 65790 65838 
4 10 83140 RZ118 ry 10 ROLI¢ RO153 
5 10 86665 R665 5 10 85226 85260 
6 10 S8431 SR449 6 10 87636 87647 
& 80464 80479 o RRO46 RROS?D 
8 I 8 { 8O743 80742 
9 ( 10560 O055 9 902760 90757 
0 j VORGOO 90860 10 106 10 90610 


measurement of the bands varies considerably 
depending on whether they are sharp or diffuse. 
If the bands are sharp their heads can be meas- 
ured to within a tenth of an Angstrom unit 

~10cm~'). The measurements on the diftuse 
bands have a much greater probable error.) 

Both the series have approximately the same 
limit which coincides with the region where the 
continuous absorption starts. As many as ten 
members of each can be observed and measured. 
The subsequent members are somewhat obscured 
by overlapping and accurate measurements 
cannot be made on them. 

The bands round 2300A investigated by Kis- 
tiakowsky would fall into this scheme by putting 
n=2 in I, but as will be shown later this is 
probably a mere coincidence. The fact that they 
are observed at extremely high 
that 


sponding to them is extremely low whereas in 


pressures in- 


dicates the transition probability corre- 
the case of the bands which we have observed it 
is at least 100,000 times as great. Further Kisti 
akowsky’s bands have P, Q and R branches. If 
they were fitted into our scheme they would fall 
into a class which contains only P and R 
branches. 

A large number of facts, which come out of the 
vibrational analysis, go to show that one of the 
valence electrons between the two carbons is 
excited. Thus the two series may very probably 
be due to the different coupling of its orbital 


Phis leads 


to the designation of the upper levels of class I 


momentum with the internuclear axis 
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bands as p> levels and those of class II bands as 
pil levels; which is in agreement with the fact 
that the bands of class I contain only P and R 
branches, while those of class II contain P, Q 
and R branches. Further, G. H. Dieke* has cal- 
culated the differences between the energies of 
the p= and Pll levels for the various electronic 
states of helium, this being the only other 
molecule except Ne for which such a large 
number of electronic states has been observed. 
As shown in Table II, there is a striking numer- 


TABLE II. Comparison of energy differences of the p= and 
pil levels in C,H, and in Hes. 


p=—pll 
C,H; He? 
—8726 — 8890 
— 3024 — 2970 
— 1437 — 1400 
795 — 99OR ? 
_ 518 ? 


ical agreement between the actual magnitude of 
these energy differences and those of helium. 

The differences in the case of acetylene have 
not been corrected for zero point energy but it 
will be shown later that this does not alter the 
agreement appreciably. The differences are for 
the p’*II levels of helium. 

From the limits of the Rydberg series the 
ionization potential of acetylene is calculated to 
be 11.35 electron volts probably correct to one- 
hundredth of an electron volt. The best and 
most recent determination by the methods of 
electron impact is due to Tate and Smith.‘ The 
value they give is 11.6+0.1 volts, which is in 
good agreement with the one given here. This is 
only one example of the possibility of obtaining 
accurate values of the I.P.’s of various molecules 
from their absorption spectra in the far ultra- 
violet. Other substances for which the author 
has been able to do the same thing are C2H,, 
CH,;,OH, HeCO, CH;HCO, (CH;)2CO, O2, CSs, 
H.S, SOs, the methyl and ethyl halides and 
many others. The work on these substances is 
now in the process of publication. 


*G. H. Dieke, Zeits. f. Physik 57, 71 (1929 
‘J. T. Tate and P. T. Smith, Phys. Rev. 39, 270 (1932 


ROTATIONAL STRUCTURE 


The dispersion of the instrument is of course 
not high enough to resolve the rotational struc- 
ture of the bands. One important thing however 
could be noticed in the case of class II bands. 

A close inspection of one of the vibration bands 
accompanying the second member of this class 
reveals that its R branch is very slightly wider 
than that of the corresponding band for C;DH. 
This is in agreement with the corresponding 
increase in moment of inertia of the C;DH 
molecule and our assignment of P, Q and R 
branches to these bands. (The isotopic shifts 
were measured between the heads of the Q 
branches when this was possible.) 


THE ANALYSIS OF THE VIBRATIONAL 
STRUCTURE 

In the bands having low values of m a great 
deal of vibrational structure can be observed. 
As many as ten vibrational transitions accom- 
pany some of the fundamental electronic transi- 
tions. For bands having higher electronic 
quantum numbers, however, the vibrational 
structure is obscured by the overlapping of the 
subsequent electronic transitions. The vibra- 
tional analysis is greatly simplified by the mag- 
nitudes of the isotopic shifts. The shift of the v» 
band due to the change in zero point vibrational 
energy is very small (20 cm~'). In the particular 
case of acetylene the vibrational analysis could 
probably be made purely from the knowledge of 
the actual magnitude of this shift. 

Fig. 2 shows the various vibrations possible in 
acetylene; the values of their frequencies in the 
ground state are those given by Sutherland. 


—Cc—" (=H 
\ —> «= Cem oe 1974 oo s 
v, —_——> « > =—— 3972 s 
v, —_»> +¢ _-> 3283 @ 
‘4 | ? - | 73e a 
V5 | ? 4 ? eof s 


Fic. 2. Vibrations in acetylene. 


* Sutherland, Phys. Rev. 43, 173 (1933). 
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The lengths of the arrows indicate qualita- 
tively the relative displacements of the various 
atoms. (This can be derived from a purely 
mechanical treatment of a model.) It is seen 
that to a rough approximation: v2, v3 and », 
depend mainly on the CH linking and a rough 
calculation shows that they are approximately 
diminished by 11 percent in going from C.H, 
to C;DH. On the other hand, »; and vs depend 
mainly on the CC linking and are diminished by 
only about 5 percent by this substitution. Now 
it is very probable if the excited electron comes 
from the C=C bond, that the CH bonds and 
therefore the frequencies v2, v3 and v, will not 
be appreciably affected by the excitation. How- 
ever, if it comes from the CH bond these fre- 
quencies will certainly be changed considerably. 
The latter possibility cannot occur as even small 
changes in the frequencies vz and v3; would 
require a much larger shift in zero point energy 
than the 20 wave numbers observed; e.g., a 10 
percent change would give rise to a shift in zero 
point energy of about 80 wave numbers. 

In order to find the selection rules determining 
which vibrational transitions should occur, we 
must consider the influence of two factors: In 
the first place the symmetry of the molecule 
determines a selection rule. If the symmetry of 
the electronic eigenfunctions of the excited state 
is the same as that of the normal state, the selec- 
tion rules are the same as those for the infrared 
bands. If the symmetry is different then different 
selection rules of the same character apply. It is 
not necessary to go into this here as only the 
symmetrical vibrations appear and for these 
there is no specific selection rule in either case. 

Secondly, bands which might be allowed by 
the symmetry considerations may be neverthe- 
less excluded for reasons which are analogous to 
those leading to the Franck-Condon principle for 
diatomic molecules. This means that if the CH 
distance is not affected by the electronic transi- 
tion no transitions should occur which involve 
vibrations in the CH bond. 

An inspection of the vibration diagram indicates 
that if an electronic jump occurs in the C=C 
bond only the symmetrical vibrations »,; and »5 
can be excited, and it will be shown that this is 
what happens in our case. It is supported by the 
fact that all the bands belonging to one particular 
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Frequency in cm™* 

















Effective quantum number 


Frequencies plotted against effective quantum 
number. 


electronic transition are of the same type, i.e., 
they are either all parallel or all perpendicular 
bands. This could only happen if both vibrations 
are symmetrical. 

The observational facts are as follows: All the 
bands of class I and class II are accompanied by 
equally strong bands, a little to the short wave- 
length side of them. The separation of these 
accompanying bands from the vp band decreases 
rapidly in the case of class I bands to almost zero 
with increase in electronic quantum number. In 
the case of class II bands, the diminution of the 
frequency difference is much slower. In both 
cases these bands must represent vibrations of 
the type v; superimposed on the electronic transi- 
tion. They could not represent a superposition 
of the vibration », as the change of », from 730 
cm in the ground state to the values of the 
differences observed would give rise to a much 
greater isotopic shift in the v9” than that actually 
found. The frequency differences are plotted 
against the effective quantum number of the 
electronic state in Fig. 3. It is seen that smooth 
curves are obtained which can be extrapolated 
to 600 cm™, which is the value of vs; in the 
ground state. 


THE v,; VIBRATION 


Class I bands are accompanied also by bands 
lying about 1760 wave numbers to the short 
wavelength side. They have an observed isotopic 
shift of about 90 cm~'. When the shift in vo is 
taken into account the diminution in frequency 
difference is 110 cm~'. The bands of class II are 
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also accompanied by a similar set of bands lying 
about 1810 wave numbers to the short wave- 
length side of each number. The total diminution 
of the frequency difference is 90 cm in this case. 
The magnitude of the shift which corresponds to 
a diminution of the wave-number separation by 
about 5 percent makes it certain that a vibration 
of the type »; is involved. The values of the 
frequency are plotted against effective quantum 
number in Fig. 3. It is seen that, after the first 
electronic jump, the value of »; remains appre- 
ciably constant in both p> and PIl states; this 
also occurs in the corresponding bands in helium. 
The differences in the absolute magnitude of »; 
in the two states can be ascribed to the difference 
in the relative values of the force constants. This 
holds also for vs. 

In both p= and Pll states, the frequency » 
appears equally intense in combination with the 
strong v; transverse vibration. The frequencies 
2», and 2»,+¥,; also appear quite strongly in 
some of the lower band systems. They are easily 
identified by the doubling of the isotopic shift. 

This accounts for all the strong bands. There 
are, however, a number of bands lying to the red 
side of some of the strong bands, in particular the 
bands at 1340A and 1247A. They can be ascribed 
to transitions from the vibrational levels of the 
ground state. The difference 605 cm™, corre- 
sponding to a vibration of the type »; in the 
ground state, is found fairly strongly and the 
values »,=730 and 2v;=1210 are found some- 
what more weakly. Most of the extremely strong 
bands have these weaker vibrations accompany- 
ing them and this seems the most plausible 
explanation for such bands. 


THE PREDISSOCIATION OF THE A1500 BAND 


The bands observed by Kistiakowsky at about 
2300A are sharp. They have been investigated 
still further in this laboratory by Professor G. H. 
Dieke, who has shown that even round 1900A 
they exhibit no signs of predissociation. Thus the 
continuous absorption reported by Kistiakowsky 
at about 2200 is due to impurities. The bands we 
have obtained are very diffuse round 1500A and 
even round 1300A are still slightly diffuse. 
Below this they are sharp. 

If it is assumed that this diffuseness is caused 
by predissociation and further that this predis- 




















Fic. 4. Potential energy curves for the CC bond in CyH, 


sociation might be due to interaction with the 
normal state, then we find that the heat of dis- 
sociation of C,H: into CH+CH must be slightly 
less than 8.1 electron volts or the energy of the 
triple bond is slightly less than 187 Cal./mole. 
This is in good agreement with the best chemical 
data. The value given by F. O. Rice* is about 
200 Cal./mole, that given by R. G. W. Norrish’ 
is 220 Cal./mole. However, it is generally ac- 
cepted that these values are too high, and 
further the experiments from which they are 
obtained are not capable of great accuracy. In 
the above it is assumed that the molecule dis- 
sociates into normal CH radicals. An investiga- 
tion of the energy values of excited CH shows 
that this must be so. 

The assumptions mentioned at the beginning 
of the last paragraph are only justified by the 
resulting agreement obtained for the energy of 
the C=C linking. In fact, the assumption that 
the excited state interacts with the normal state 
must be somewhat modified. This is seen from 
an inspection of the potential energy curves 
between the two carbon atoms, Fig. 4. 

Approximate Morse* curves can be obtained 
for this potential in the following way. The 
various constants of the acetylene molecule are 


* F. O. Rice and W. R. Johnston, J. Am. Chem. Soc. 56, 
214 (1934). 

7R. G. W. Norrish, Trans. Faraday Soc. No. 152, 106, 
January, 1934. 

*P. M. Morse, Phys. Rev. 34, 57 (1929). 
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TABLE III. Frequencies of the observed bands in C,H, and their assignments. 

TYPE INTENSITY FREQUENCY ASSIGNMENT TYPE INTENSITY FREQUENCY ASSIGNMENT 

h.p. Lp. n tT! % tao (m)o .p. Lp " v1 a M ro 
L 100DD S50DD 65790 3on Oo — 0 0 H 5 2 110 1 1 0 0 
Lai 100DD SO0DD 67610 a i 0 0 a 10 4 210 i i 0 0 
= 100DD wDD 69430 7" 2 0 0 — . 2 83630 2 0 0 0 

L . ~ 2 730 2 0 0 0 
Hp 2 0 72335 3pz C=O 0 -? ees 8 2 860 2 1 0 0 
be 4 0 73148 = 0 0 -1 —-1 a, 8 2 84020 2 1 0 0 
a 5 i 305 0 0 -? H&Lp SO 10 83120 4pz 0 0 0 0 
L* 10 1 408 0 1-1 —1 p 50 10 190 0 1 0 0 
oa 10 1 781 0 -? hall 30 10 760 1 0 0 0 
' ea 10 2 74020 0 i —1 0 H* 1 1 0 0 
x 10 4 510 0 i) 0 0 L 8 2 880 i 0 0 0 
aula 100 10 750 0 1 0 0 H . i 1 0 0 
hong 10D iD 990 0 2 0 0 — 10 7 952 1 1 0 0 
en 10 D 4D 75235 0 3 0 0 L . obs 85630 2 0 0 0 
ae 10 i 550 1 0 0 —!1 
x* 10 1 640 1 0 0 —1 a 20 10 85230 Spl Oo 0 0 0 
H* 10 1 800 1 1 0 —1 = 20 10 250 0 0 0 0 
—* 10 1 872 1 1 0 1 H&Ls 30 10 430 ' 0 1 0 0 
— obsc. 10 76170 1 0 0 0 ie 10 8 86950 1 0 0 0 
Naa 10 x 266 1 0 0 0 . ™ 10 8 87046 ' 1 0 0 0 
haa obsc. 10 400 1 1 0 0 >» ™ 6 ] 242 - 1 l 0 0 
oe 20 10 497 1 1 0 0 
— 5 1 77427 2 0 0 —1 Lp 50 10 86665 Spr (CO 0 0 0 
eo 5 2 667 2 1 0 —!1 Ry 10 5 88431 1 0 0 0 
ey 10 3 800 2 0 0 0 5” obsc. 90205 2 0 0 0 
Ae 10 5 008 2 0 0 0 
ie 10 1 040 2 1 0 0 Ls 30 10 87635 6el Oo 0 0 0 
a~ 10 1 256 2 1 0 0 | 2 776 0 1 0 0 
a.” 2 89447 1 0 0 0 

2 0 78790 4p 0 0 i —{ 

3 0 79076 % { 1 —1 1 L»p 30 10 88430 6pz=  O 0 0 0 

3 0 400 0 0 —!1 0 obsc. 90200 i 0 0 0 

3 0 51a 0 0 Oo —!1 

3 0 662 0 1 —1 0 20 8 88946 7pu oO 0 0 0 
Ls 50 10 80110 0 0 *0O 0 6 0 89020 0 i 0 0 
Hs 50 10 130 0 0 0 0 4 0 90760 1 0 0 0 
H&Ls 100 10 400 0 i 0 0 
ee 2D 0 81200 10 89464 7pz= O 0 0 0 
I ’ 2D 0 390 10 4 89743 Spl oO 0 0 0 
L 4 0 700 91560 1 0 0 0 
HH? ° 3 0 770 i 0 0 0 10 5 90100 8pz OO 0 0 0 
_ 10 5 830 1 0 0 0 8 ; 90260 9pll O 0 0 0 
ls 10 10 925 i 0 0 0 5 1 92085 i 0 0 0 

. 82050 1 1 0 0 8 2 90560 9pz 0 0 0 0 





defined below. The values given are those ob- 
tained by Mecke® for the ground state. 


ky ke ky 
6 C-—O—H 


Tou ‘oc ‘cu 


k, = force constant between H and C = 20 volts, 
k,=force constant between C and C =69 volts. 
"CH =k,(1/C+1/H) =3200 cm - 
"CC = 2k: Cc = 2100 cm - 
rou = 1.08 A fcc = 1.19A. 


We can calculate the values of fcc in the 
upper states from the corresponding moments of 
inertia which are obtained from the separation 
of the band heads. This can be done on the 
assumption that req does not vary. It can only 
be done for the bands of class II. In these we 
find an increase in feo over the value in the 
normal state of about 0.03A, the value 1.24A 
remaining fairly constant for all the members of 
the class. This small difference in ree in the 
upper and lower states is in agreement with the 


® Mecke, Zeits. f. physik. Chemie B17, 1 (1930). 


fact that long vibrational progressions are not 
obtained. The bands observed by Kistiakowsky 
round 2300A have a somewhat larger value for 
foc (1.26A). 

The value of vec in the ground state is prac- 
tically equal to »; and for the upper state it can 
also be taken to be equal to the value of »; found 
in these cases. The heats of dissociation in the 
upper states are unknown, but for the purpose of 
calculating the potential curves they can be taken 
to be about 7 electron volts or 160 Cal./mole 
(i.e., =the strength of the double CC bond). 
That in the must equal to 
the strength of the triple CC bond, and is 
approximately equal to 8.2 electron volts or 200 
Cal./mole. It is to be stressed that these values 
are only taken so that rough ideas of the shape 
and position of the potential curves can be ob- 
tained. 

The potential curves obtained in this way are 
shown in Fig. 4. It is seen that there is no 
possibility of the intersection of the potential 
curves of the upper and lower states and to 


lower state be 
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explain the predissociation of the band at 8.1 
electron volts into normal CH radicals we have 
to postulate the curve K. This curve must go to 
the heat of dissociation of the normal state. It 
may extend down as far as 6.1 electron volts and 
may possibly represent the upper state of the 
bands observed by Kistiakowsky round 2300A. 
Certainly the extremely low transition probabil- 
ity of these bands seem to make this a likely 
explanation. The possibility that the predissoci- 
ation does correspond to a dissociation of the 
type described above must be admitted from the 
close agreement of the bond strength predicted 
this way and that obtained from chemical data. 
Further in the case of polyatomic molecules 
there are a large number of instances of photo- 
dissociation into normal radicals by means of 
predissociation due to interaction with the 
initial state, e.g., formaldehyde shows one 
region of predissociation around 2750A corre- 
sponding to about 105 Cal./mole which is the 
heat of dissociation of the CH bond; also 
another around 1745A or about 164 Cal./mole 
corresponding to the breaking of the CO bond. 
Similar cases occur in all ketones. In the case of 
a polyatomic molecule predissociation may occur 
over a far wider range than is found for diatomic 
molecules. This is due to the fact that the re- 
sulting radicals may have various amounts of 
vibrational and rotational energy as well as 
electronic energy which is the only kind present 
in the predissociation of a diatomic molecule. 
This kind of explanation accounts for the partial 
predissociation of the 41350 band which is con- 
siderably removed from the main region of 
predissociation. 

Table III giving the frequencies of the bands 
observed in C,H, along with their assignments 
is appended. When the bands are clearly (a) 
single headed they are marked p; (b) double 
headed they are marked s. The v’s refer to the 
number of quanta of the respective vibrations 


present L=C;Hz, H=C.DH, H*=C,.Dsz. 


THE ABSORPTION SPECTRUM OF ETHYLENE 


The analysis given here for acetylene has also 
thrown considerable light on the ultraviolet 
absorption spectrum of ethylene. This spectrum 
which starts at about 1744A was obtained in the 


same way as that of acetylene and at about the 
same pressures. In this case only one strong 
series was observed which may be related to the 
fact that the molecule is no longer linear and the 
orbital momentum of the excited electron cannot 
be resolved along the internuclear axis any more. 

The »*'s of the higher members of the series 
fit fairly well into the Rydberg series 


vo" = 84,400— R/(n+0.0)*. n=2, 3, 4, etc. 


The degree of accuracy with which this formula 
represents the bands is given in Table IV. The 


TABLE IV. Comparison between calculated and observed 
values for the separation between successive members of the 
absorption spectrum of ethylene. 








Separation between successive 











” Int Wave number members (cm™~!) 

Obs. Calc. 
2 10D 57360 14810 15241 
3 10 DD 72170 5410 5334 
4 x 77580 2480 2469 
5 7 80060 1320 1341 
6 5 81380 800 SOK 
7 3 82180 





limit corresponds to an ionization potential of 
10.41 volts which agrees fairly well with the 
value 10.0+? given by Kallman and Dorsch"® as 
determined by the methods of electron impact. 

The vibration pattern ‘of the first electronic 
band is similar to that in acetylene and it is 
therefore assumed that the same types of vibra- 
tion »; and ys are excited. 

The frequencies and assignments of the strong 
bands are given in Table V. The value of v; de- 


TABLE V. Frequencies and assignments of the strong ab- 
sorption bands in ethylene. 





I vem"! # 1 m/ I rem"! # % % 
10D 57360 2 0 Oo; 8 77580 64 0 
10D 57840 2 0 1); 8 77880 «64 1 
10D 58700 2 1 0; 5 78170 4 2- 
10D 59170 2 1 1 
8D 60030 2 2 0|7 80060 5 0 - 
8D 60500 2 2 1/7 80290 5 i- 
6DD 61370 2 3 | obscured i 
6 DD 61830 2 3 1] 

10 DD double 72170 3 @ —/5 81380 6 0 - 
= v2 72980 «63 1 —/|5 81600 6 i- 
Be - 76370 3 2-ij4 81800 6 

; 82180 7 o- 








creases to practically zero in the first few elec- 
tronic states while the value of », also decreases 


© Kallman and Dorsch, Abhandlung fiir Kaiser Wilhelm 
Institut, Vol. 12 (1929). . 
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to a very small value as becomes large. Table 
VI shows the values of these frequencies in the 


TABLE VI. Values of »; and vs frequencies. 


n 2 3 4 5 6 
v1 1340 800 300 230 200 
% 480 150 — or abe 


different electronic states. The values of »; and 
vy; in the ground state are assumed to be 1623 
cm and 1342 cm™." 

A large number of weak diffuse bands were 
obtained which have not been classified. Some 
of them undoubtedly correspond to other elec- 
tronic series. 


THE ABSORPTION OF ETHANE 


At very low pressures (0.01 mm) the absorp- 
tion of ethane consists of extremely diffuse bands 


" Mecke, Zeits. f. physik. Chemie B17, 16A (1932). 
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starting at 1350A and going down below 1000A. 
The bands are far too diffuse for any analysis to 
be attempted. In this respect they resemble 
methane.” The low pressure bands in methane 
start at 1300A; at somewhat higher pressures 
they extend up to 1450A. Those of ethane 
behave in the same way and move to a limiting 
value of around 1500A with increase in pressure. 
On account of the extreme diffuseness of the 
bands in ethane it is assumed that as in methane 
all the upper electronic states are unstable. 

In conclusion the author wishes to express his 
gratitude to Dr. G. H. Dieke for his generous 
help and numerous suggestions in connection 
with both the experimental and theoretical 
aspects of this work. 


2 A. B. F. Duncan, J. Chem. Phys. 2, 851 (1934). 
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Artificial Radioactivity Produced by the Deuteron Bombardment of Nitrogen! 


Epwin MCMILLAN AND M. STanLey LivinGston,* Radiation Laboratory, Department of Physics, University of California 


(Received January 21, 1935) 


This paper describes the work leading to the discovery 
and investigation of radio-oxygen, and also includes some 
incidental results on other nuclear disintegrations. It is 
shown that nitrogen bombarded with deuterons gives rise 
to a radioactive substance which emits positive electrons 
of maximum energy 1.2 mv, has a half-life of 126+5 sec., 
and is found by chemical analysis to be an isotope of 
oxygen. The nuclear cross section for the activation of 


EXPERIMENTAL ARRANGEMENT 


EUTERONS were accelerated to a kinetic 
energy of about 2 mv in an apparatus 
described elsewhere.? A brass tube was set into 
the side of this apparatus in such a position as 
to intercept the deuteron beam, which passed 


into the atmosphere through a vacuum-tight 


* Now at Cornell University. 

‘A preliminary report of this work was given by M. S. 
Livingston and E. McMillan, Phys. Rev. 46, 437 (1934). 

* E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
608 (1934). 


nitrogen at 2 mv deuteron energy is 6 X 10~*’ cm’; that for 
the activation of carbon is three times as great. The 
neutrons expected to accompany the formation of radio- 
oxygen were found to be present. These results were 
obtained using gaseous nitrogen as a target; in some of 
the experiments use was made of the fact that the active 
product can be deposited on a meta! surface by recoil. 


window’ as shown in Fig. 1. The target to be 





* The window used for admitting the deuteron beam was 
so satisfactory that it seems worth while to describe it in 
some detail. It consisted of a sheet of 0.0001” thick alum- 
inum foil (procured from the American Platinum Works) 
mounted with wax on a brass plate, covered as closely as 
possible with one mm holes over an area of 1X1.5 cm. A 
wax to be used for this purpose must have a high melting 

int (the window becomes quite warm under the deuteron 

mbardment), it must flow freely when melted, and it 
must stick firmly to a clean metal surface when cold. These 
requirements are satisfied by rosin, with just enough Venice 
turpentine added to make it sticky, as determined by trial. 
The window was mounted by heating the supporting grid to 
a temperature above the melting point of the wax, covering 
it with a thin coat of wax and blowing off the excess, and 
then putting on the foil, touching it at one edge first and 
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activated was placed opposite the window. The 
space containing the target could be evacuated 
or filled with various gases during the bombard- 
ment. 

For studying the activity produced in gases by 
deuteron bombardment, a plug shown as a 
dotted line in Fig. 1 was waxed into the tube, 
leaving a space in which the gases could be 
bombarded. Fig. 2 shows the gas-handling ar- 
rangement used. After evacuating the system, 
the activating chamber was filled with the gas 
to one atmosphere pressure through the line G. 





ALUMINUM 
winoow 
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Fic. 1. Arrangement for bombarding targets outside the 
vacuum. A plug which may be put in to enclose a space for 
bombarding gases is shown by dotted lines. 


TO ACTIVATING CHANGER 


TO vacuum 


Fic. 2, Gas-handling system. G, line for introducing 
gases into the activating chamber. B,; and B:, bulbs for 
collecting activated gases before and after passage through 
the analyzing train consisting of the platinized asbestos 
tube P and CaCl, drying tube D. 











allowing the surface tension of the wax to pull it into place. 
A small leak in one hole of the window can be stopped by 
filling the hole with a drop of wax, applied with a hot 
pointed iron. A window constructed in this way has a large 
open area, a small stopping power (4 mm air equivalent) 
and can be ex to several microamperes of ion current 
for long periods with no apparent damage. This seems re- 
markable at first sight since the wax on the back of the grid 
rapidly becomes carbonized and the beam in air will char 
paper in a few seconds, but it appears reasonable when one 
considers the small amount of energy lost by a high speed 
ion in going through the foil. 


When the bombardment with deuterons was 
completed, the activated sample was allowed to 
flow into the bulb B,, whose volume was suf- 
ficiently large to collect over 90 percent of the 
sample. This bulb was then removed and placed 
beside the electroscope, which was discharged 
by the emitted gamma-rays. The part of the 
system to the left of B,; was used for the chemical 
analysis, and will be described later in the paper. 


IONIZATION CHAMBER CALIBRATION 


The ionization chamber used for studying the 
radioactivity consisted of a cylinder of dimen- 
sions 7X7 cm containing a sensitive (210° ion 
pairs/div.) Lauritsen type quartz fiber electro- 
scope and provided on one side with a large 
window covered with 0.001 inch thick aluminum 
foil. From the geometry of the arrangement and 
the known ionization per centimeter of beta- 
particles one can compute roughly that, with an 
active target next to the window, a leak of one 
division corresponds to a total of 210* beta- 
disintegrations in the target. 

For evaluating the measurements made with 
the gamma-rays from a gas sample contained in 
a bulb, a calibration of the following sort was 
made: An activated carbon target (which is 
known to give no strong gamma-rays except the 
“annihilation radiation’’ associated with the 
positive electrons emitted as beta-particles) was 
placed next to the window of the electroscope 
and the ionization observed. The same target 
was then enclosed in a box thick enough to stop 
all beta-particles and placed in the position of the 
center of the gas bulb and the ionization again 
observed. The ratio of the observed ionizations 
was 100. It was found also that the ionization 
produced by the target when enclosed in a box 
next to the window was 1/35 that produced by 
the bare target in the same position. This number 
gives a criterion for deciding whether a positron- 
emitter gives any appreciable gamma-rays other 
than the annihilation radiation. 


RADIOACTIVITY PRODUCED ON SOLID TARGETS 


Carbon was the first substance to be activated 
after the installation of the arrangement of Fig. 1. 
A beam of about }uA of 2 mv deuterons emerging 
from the window was used, and the carbon 
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Fic. 3. Logarithmic decay curves of the activities of: 
1. Platinum bombarded in air. 2. A bulb containing acti- 
vated air. 3. Platinum bombarded in vacuum. 4. Platinum 
bombarded in CO,. The absolute values of the activities 
are not represented in their correct ratios. 


target was found to give, as expected,‘ a very 
large activity decaying with a half-life of 
10’ 23”+5”. The rate of leak of the electroscope 
with the target next to the window of the ioniza- 
tion chamber, corrected to what it would be 
immediately after a very long exposure to }uA 
of deuterons,® was 600 divisions per second, cor- 
responding to an activation probability of 3.6 
per million deuterons striking the target. An 
aluminum target gave an activity with a half-life 
of 156+5 sec. and an intensity of 50 div./sec.° 

After this an investigation of possible con- 
tamination effects in this type of experiment was 
undertaken. A piece of platinum sheet was 
cleaned by holding it at white heat for several 
minutes in an oxygen flame, and it was then 
bombarded with deuterons. It showed an activity 
of 5 div./sec., decaying with a half-life of 126 
+5 sec. Curve 1 of Fig. 3 is a logarithmic plot 
of the decay of this effect showing by its linearity 
that there was only one decay period present and 
that there was no appreciable carbon con- 
tamination. Clean copper and oxidized copper 

*H. R. Crane and C. C. Lauritsen, Phys. Rev. 45, 430 
(1934); J. D. Cockcroft, C. W. Gilbert and E. T. S. Walton, 
Nature 133, 328 (1934); M. C. Henderson, M. S. Livings- 
ton and E. O. Lawrence, Phys. Rev. 45, 44$ (1934). 

* All rates of leak given in this paper are corrected in the 
same way. 

*Further information about the aluminum activity is 


ae by E. McMillan and E. O. Lawrence, Phys. Rev. 47, 
343 (1935). 
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gave identical effects. This made it seem probable 
that the observed activity came from the gas 
surrounding the target, and therefore the effects 
produced on a platinum target when bombarded 
in various gases were examined. Displacing the 
air with Oe, Hz and A reduced the effect to nearly 
zero; Ne gave the same effect as air, and CO» gave 
an effect of the same magnitude (5 div./sec.) but 
decaying with the characteristic carbon period 
of 10.4 min. Curve 4, Fig. 3, shows the decay 
of the activity found on platinum bombarded in 
COs. 


INTERPRETATION OF THE EFFECT OBSERVED 
ON PLATINUM 


The foregoing results make it obvious that the 
activity found on platinum when bombarded in 
air arises from nitrogen and is deposited on the 
target surface in some way. The existence of con- 
vection currents due to the heating of the target 
and window makes it unlikely that activated 
atoms in the gas would remain near the target 
long enough to diffuse to its surface and be 
adsorbed. It was also found that the active sub- 
stance was firmly attached to the platinum, 
being unaffected by hot HNO; and only half 
removed by heating the target to white heat for 
10 seconds. 

These observations suggested that the acti- 
vated nuclei were driven into the target surface 
from the gas by the recoil momentum imparted 
by the incident deuterons. The following experi- 
ment established this mechanism with certainty. 
A platinum target bombarded in vacuum showed 
an activity of 2.5 div. /sec. decaying with the 156 
second period of activated aluminum (curve 3, 
Fig. 3). This could come only from the aluminum 
window, and could be transferred onto the target 


only by recoil. 


THE RADIATIONS FROM ACTIVATED NITROGEN 


The beta-particles from a platinum target con- 
taining activated nitrogen were found by mag- 
netic deflection to have a positive sign. Their 
absorption in aluminum is shown in Fig. 4, 
together with that of the beta-particles from 
activated carbon. From these curves one cannot 
make a precise estimate of the maximum ranges, 
but by extrapolating according to the known 
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shape of beta-absorption curves (and taking 
account of the gamma-ray background) one sees 
that they cannot be far different from 0.5 g/cm? 
for activated nitrogen and 0.4 g/cm? for activated 
carbon. The upper energy limits computed from 
these values by Feather’s’ formula are 1.2 and 
1.0 mv, respectively. The value 1.0 mv for ac- 
tivated carbon is not in perfect agreement with 
Anderson and Neddermeyer’s*® value 1.2 mv 
obtained by measuring the curvature of cloud 
chamber tracks in a magnetic field ; whether this 
discrepancy arises from an underestimate of the 
maximum range given by our absorption curve 
or from scattering of the beta-particles producing 
Anderson and Neddermeyer’s tracks must await 
further experiment for a decision. 

Our upper limit of 1.2 mv for activated ni- 
trogen, together with the half-life of 126 sec., 
places the active substance very slightly above 
Sargent’s® upper curve. 

The gamma-rays from activated nitrogen 
produce the same ionization relative to that of 
the beta-particles as is observed in the case of 
carbon, which indicates that no intense gamma- 
ray is present other than the annihilation radi- 
ation associated with the emitted positrons (2 
quanta of }mv radiation per beta-particle). 


ACTIVATION OF GAS TARGETS 


Samples of gases activated, transferred to a 
bulb, and examined by means of their gamma-ra- 
diation, gave the following activities: Air, period 
126sec. and activity 0.5 div. /sec. (decay shown by 
curve 2, Fig. 3); nitrogen, the same ; COs:, period 
10.4 min. and activity 0.25 div./sec.'® If one 
compares the value for CO, with the activity 
produced in a solid carbon target, using the 
conversion factor between beta- and gamma-ray 
measurements mentioned above, and remember- 
ing that the stopping power per carbon atom is 
3.5 times as great in CO, as in C, it appears that 


7 N. Feather, Phys. Rev. 35, 1559 (1930). 

*C. D. Anderson and S. H. Neddermeyer, Phys. Rev. 
45, 653 (1934). 

*B. W. Sargent, Proc. Roy. Soc. A139, 659 (1933). 

1° A search was made also for possible activity produced 
in deuterium by deuteron bombardment. The activating 
chamber was filled with } atmosphere of deuterium, and no 
activity was found other than a small effect of 0.01 div 
sec. with the carbon period, probably coming from a trace 
of wax on the surface of the window 
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Fic. 4. Absorption in aluminum of the beta-particles from 
activated nitrogen and carbon. 


only one-seventh of the activity produced in the 
gas passes into the bulb. This is undoubtedly 
explained by the fact that the active product 
(N"™) is left in the monatomic state after its 
formation ; in this state it is chemically reactive 
and has a large chance of combining with the 
brass wall of the activating chamber before 
forming a stable gaseous compound. Because of 
this fact no good estimates of activation proba- 
bilities can be made from the gas-target ex- 
periments. 


CHEMICAL IDENTIFICATION OF THE ACTIVE 
PRODUCT FROM NITROGEN 


The active substance produced from nitrogen 
must be an isotope of C, N or O if it is formed in 
any expected type of nuclear reaction. A very 
simple gas analysis was able to show that it is 
definitely oxygen. A sample of air was activated 
and allowed to flow into the bulb B, (Fig. 2). 
Then the activating chamber was filled to one 
atmosphere with hydrogen, which was also let 
into B,. The resulting mixture was then passed 
by way of a platinized asbestos tube P and a 
CaCl, drying tube D into the previously evacu- 
ated bulb B; and flushed through with nitrogen 
admitted at S. The drying tube and the bulb B, 
were then removed and examined separately for 
activity. The result was that with the platinized 
asbestos tube heated to 500°C (being then a very 
efficient catalyst for the combination of oxygen 
and hydrogen to form water) the activity went 
quantitatively into the drying tube; with the 
platinized asbestos tube cold, it went equally 
quantitatively into B,. This is what* would be 
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expected of an active oxygen. The added hydro- 
gen is more than enough to convert all the oxygen 
in the air sample into water; and the active 
oxygen, even if present as N-O or NO, because 
of its chemical reactivity after formation, would 
be carried along with it. On the other hand, 
carbon (as CO or CO:) would be reduced to free 
carbon or CO, and nitrogen or its oxides to N2 
(the formation of ammonia is very slight under 
these conditions), and none of these would go 
into the CaCl, tube. 


NUCLEAR REACTION FOR THE FORMATION 
OF RApDIO-OXYGEN 


The reactions involved in the formation and 
disintegration of this active oxygen are presum- 
ably : 


(1) 


(2) 


N"“+H?9O! +n, 
OM N+ et, 


Since nothing is known about the energy of the 
emitted neutrons, a mass for O'* cannot be cal- 
culated. But the energy available in the total 
process (1)+(2) can be computed, taking 
N= 14.0074, H*?=2.0136, »=1.008 and N*® 
= 15.0041." It is found in this way to be 7.3 mv. 


YIELD OF RaApDIO-OXYGEN 


As explained above, the magnitude of the gas- 
target effect does not give a trustworthy measure 
of the activation yield, but it suggests that this 
yield is of the same order as that for carbon. A 
better estimate can be made from the activity 
deposited by recoil. The mean forward momen- 
tum of the O"' nuclei immediately after formation 
is 15/16 that of the incident deuterons, the mo- 
mentum imparted by the expelled neutrons being 
random in direction and therefore canceling out. 
The mean forward range of the recoil O" nuclei 
activated by 2 mv deuterons is accordingly, to 
a first approximation at least, one mm of air. 
Nearly the same value is obtained for the N™ 
nuclei produced by the activation of carbon. 
This means that the activity deposited on plati- 


"From the disintegration data of E. O. Lawrence, E. 
McMillan and M. C. Henderson, Phys. Rev. 47, 273 (1935). 
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num in Nz or CO; comes effectively from a layer 
of the gas of thickness one mm air equivalent. 

Since the equilibrium activity of a one mm 
layer of air when bombarded by }uA of 2 mv 
deuterons is thus found to be 5 div./sec. (10° 
disintegrations/sec.), the cross section for the 
activation of nitrogen at this deuteron energy is 
6X 10-*? cm*. The corresponding cross section for 
carbon is three times as great, since the same 
recoil activity is found on platinum bombarded 
in COs, and the number of carbon atoms per 
unit stopping power in this substance is only one- 
third as great as the corresponding number of 
nitrogen atoms in air. 

The total activity produced in nitrogen over 
the whole deuteron range cannot be calculated 
from the available data, but it can be estimated 
by assuming that the form of the activation 
function for nitrogen is about the same as that 
for carbon. On this assumption the total yields 
for nitrogen and carbon would be in the same 
ratio as their cross sections at the maximum 
energy; the total yield found in this way for 2 
mv deuterons in Ne is one activation per million 
deuterons. The actual value is certainly some- 
what smaller, since the nitrogen activation 
function is expected to fall off more rapidly at 
low voltages than that for carbon. 

These values of the cross sections and yields 
cannot be considered as precise, and may easily 
be wrong by a factor of two. Some justification 
of the calculations involving the recoil ranges is 
given by the fact that in the case of Al® it was 
possible to check the computed recoil range 
experimentally. 


ATTEMPT TO ACTIVATE A SOLID TARGET 
CONTAINING NITROGEN 


The yield values given above suggested that a 
target of a solid nitrogen compound could be 
activated to considerable intensity. Trying this 
with NH,NO; and KNO; we found an activity 
of 8 divisions per second, scarcely larger than 
that deposited by recoil on platinum. This 
curious result may mean that oxygen can diffuse 
readily through a salt of this sort, so that the 
active substance ‘‘evaporates’’ rapidly from the 
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THE NEUTRONS FROM NITROGEN 


Some evidence for the existence of the neutrons 
indicated by Eq. (1) has been given by earlier 
work in this laboratory.” A further investigation 
was made in connection with the present report. 
The neutron emission was observed by a Wynn- 
Williams ionization chamber (with a paraffin 
sheet in front) and linear amplifier, connected to 
a thyratron scale-of-eight counter. At first an 
attempt was made to measure the neutrons from 
gases contained in the activating chamber, 
placing the counter as close to it as possible 
(about 15 cm). The numbers of counts obtained 
with the chamber full of air, CO2, Hs?(4 atmos.)," 
and evacuated were the same within the con- 
stancy of the measurements and were one-sixth 
as large as the number of counts obtained with a 
beryllium target in the path of the beam in 
vacuum just inside the window. This was inter- 
preted as showing that the neutron background 
(arising partly from contamination throughout 
the apparatus and partly from the wax and 
aluminum of the window) was larger than the 
effects from the gas targets at that distance. It 


1 E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
220 (1934). 

4 This observation of the neutrons from deuterium was 
made to see whether the enormously large yields reported 
by other investigators for lower energy deuterons are also 
produced at 2 mv; it shows that the yield in this case is at 
most one-sixth of that from beryllium, and is probably less. 
It must be noted that with the activating chamber filled 
with deuterium to 4 atmosphere the deuterons use only 
one-tenth of their range in traversing the gas, since they 
are just able to cross the chamber when it is filled with air 
at atmospheric pressure. 


was therefore necessary to place the counter 
closer to the bombarded gas to obtain significant 
results. This was done by sliding the counter into 
the brass tube containing the window, to within 
3 cm of the deuteron beam. 

With this arrangement counts were made with 
the bombarding space full of air, nitrogen and 
oxygen, and also with a clean sheet of copper 
stopping the beam next to the window. With a 
deuteron beam of 0.14 A, the following counting 
rates were obtained: Copper sheet in place, 500 
counts per minute ; oxygen target, 500 counts per 
minute; nitrogen and air targets 700 counts per 
minute. The difference of 200 counts per minute 
is attributed to the neutrons from nitrogen; its 
reality was checked by taking many alternate 
counts with the copper sheet in and out. 

A value for the total neutron yield from 
nitrogen bombarded by 2 mv deuterons can be 
obtained from this result if one assumes that one 
neutron is counted per thousand traversing the 
counter and notes that the fraction of the total 
solid angle subtended by the counter at the 
target is 1/50. The resulting value for the yield 
is 0.3 per million deuterons; the difference 
between this and the yield of radioactivity is 
certainly within the accuracy of these estimates. 
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Note on the Spectrum of Boron Fluoride 
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The spectrum of boron fluoride was photographed in the first order of a 21-foot concave 
grating. Three new bands were found in the ultraviolet, the structure of which appears to be 
similar to that of the third positive bands of CO. The visible bands, most of which were known 
previously, are unlike those in the ultraviolet, having a very diffuse appearance. 


ERY little is known of the spectrum of boron 
fluoride. Johnson and Jenkins! attempted to 
photograph it, but failed because of the presence 
of numerous SiF bands. Since then these experi- 
menters have photographed and classified the 
bands of SiF, thus simplifying the difficulties in- 
volved in examining the bands of boron fluoride. 
Since the boron fluoride molecule has the same 
number of electrons as Nz and CO, its electronic 
structure should be similar to that of those 
molecules. Johnson and Tawde,? although they 
succeeded in photographing the boron fluoride 
spectrum with a Hilger E1 spectrograph, failed 
to find any resemblance between its bands and 
those of CO and Ng. 

In the present investigation boron trifluoride 
was generated by treating a finely powdered 
mixture of calcium fluoride and boric anhydride 
with concentrated sulfuric acid. The gas was 
passed through a drying tube of phosphorus 
pentoxide, and through traps of fused sodium 
fluoride to remove hydrogen fluoride. A capillary 
discharge tube with nickel electrodes was used 
as a light source. Best results were obtained at a 
pressure of about 5 mm and with a current of 10 
milliamperes. The photographs were taken with 
a 21-foot concave, Paschen mounted grating, 
having 14,000 lines per inch. Good first order 
plates were obtained, the dispersion being about 
2.4-2.5A per millimeter, but the source was too 
weak to produce good second and third order 
plates. The exposure time ranged from twelve to 


sixty hours. 


R. C. Johnson and H. G. Jenkins, Proc. Roy. Soc. Al16 


1 
327 (1927). 

?R. C. Johnson and N. R. Tawde, Phil. Mag. 13, 501 
(1932). 


BANDS IN THE VISIBLE REGION 


As Johnson and Tawde? pointed out, the bands 
in the visible region are unlike any in the spectra 
of Nz and CO. The bands seem to be too diffuse 
to show much rotational structure. 

In the writer’s photographs, as in those of 
Johnson and Tawde, there is a background of 
many unresolved lines, extending from A3500 
into the red. These may be due to BO, but 
perhaps also to COx, since this has been observed 
to accompany the third positive CO bands,’ 
which are very prominent in the present photo- 
graphs. Table I contains measurements on the 
band heads by Johnson and Tawde, and by the 
present writer. 


Wavelengths of band heads observed by Johnson, 
Tawde and the present writer. 


TABLE I. 


BANDS DEGRADING TO THE RED 
JOHNSON 
AND TAWDE 


BANDS DEGRADING TO THE VIOLET 
JOHNSON 


AND TAWDE PRESENT WORK 


PRESENT WORK 


ACA) Int ACA) Int ACA Int ACA Int 
6399.7 ? 3 - 5476.3 2 
€395.5? 1 - |5471.8 6 5470.8 6vd 
6327.1? 3 5460.8 10 5460.1 4vd 
6323.5? 2 5457.7 S 5456.8 Svd 
6176.1 4 5451.1 4 4550.2 4vd 
6112.2 4 5447.9 4 5447.0 4vd 
5441.5 1 
5993.7 Ss 5993.8 8vd | 5437.2 3 5436.7 ivd 
5983.9 6 5984.4 6vd | 5435.5 2 
5975.6 5974.3 4vd | 5421.6 2 5420.6 2vd 
4465.0 8d 4464.9 &vd 
5825.7 7vd | 4461.7 ? &d 4461.4 ? 6vd 
5822.1 10 5822.1 10vd | 4460.4? 6d 
5814.3 S 5815.1 Svd | 4443.5 8d 4443.5 6vd 
5806.9 6 5807.3 6vd | 4440.2? 6d 
5803.5 6 5803.8 6vd | 4438.8 ? 6d 
5663.8 6 5664.0 é6vd 
5655.9 3 
5649.8 1 
5646.3 l 


d=diffuse, vd =very diffuse. 


°G. H. Dieke and J. 
(1933). 


W. Mauchly, Phys. Rev. 43, 12 
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Fic. 1. (a) Part of visible spectrum, showing diffuse looking BI 
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bands. (b) Ultraviolet bands showing structure similar 


to the CO third positive band \3305. 


New Banpbs 


In addition to the bands listed above, the 
present investigation revealed three new bands, 
all in the ultraviolet region, and degrading to the 
ultraviolet. These bands differ greatly in appear- 
ance from those in the visible region. They 
appear to be similar in structure to those of the 
third positive group of CO (Fig. 1b, where one of 
the third positive CO bands appears strongly in 
the same region as the BF bands shown). Dieke 
and Mauchly* have made an analysis of these 
CO bands, and have shown them to belong to a 
>—'Il transition. A comparison of the BF and 
CO bands seems to indicate that the former are 
either *S— Il or *I1-*> transitions. The heads of 
the BF bands are lettered in Fig. 1b to corre- 
spond with similar heads of the CO bands. Proof 
that the O, P and Q branches have been identified 
col rectly cannot be definitely established until an 
analysis of the bands has been made. The triplet 
separation shown by the new BF bands is much 
smaller than that in the *II state of the third 
positive bands of the CO molecule, indicating 
that the BF bands are nearer case } type than 
the CO bands. The O branches of the BF bands 


are much fainter than the corresponding branches 


of the CO bands; in fact only one of the O 
branches is intense enough to be observed. This 
fact is further evidence that the *II state of BF, 
presumably involved here, is nearer case b type 
than that of the third positive CO bands. 

There are a number of faint lines on the lone 
wavelength side of the observed O branches 
These lines are hidden, in the case of the BF band 
\3399.40, by the 5B band of CO at 43419. Dieke 
and Mauchly* found similar lines on the long 
wavelength side of the O branches of the CO 
bands. They assigned these lines to an N branch 


Table IT). 


rasB_e Il. New bands. 


Int \ Int A Int 
355)? 1 3399 40 } 3256.61 5 
3549.9 ? 3396.94 5 3254.76 7 
3548.¢ 4 3395.96 6 3253.77 & 
3547.3 4 3394.71 ] 3252.73 9 
35454? 4 3392.85 . 3250.94 10 


There is evidence of another band in the region 
3720-43670. but the background is so strong 
that no definite prool of its existence can be 


offered. 
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SUGGESTIONS FOR FURTHER WORK 


There are indications of the presence of faint 
bands in part of the region obscured by the 
background. It would be interesting to examine 
this region for such bands, and to determine 
whether they are to be classed with those ob- 
served in the ultraviolet, or with those in the 
visible region. 

The rotational analysis of the ultraviolet bands 
should be feasible if undertaken with a stronger 
than 


source and somewhat greater resolution 
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here. Such an analysis may be facilitated by the 
work of Dieke and Mauchly 
similar third positive group of CO. 

No explanation can be offered for the diffuse 


on the probably 


appearance of the bands in the visible region. 
It may be caused by predissociation in the 
upper state, or perhaps these bands are due to 
BF. or BF, and not to the diatomic molecule 
BF. 

The writer wishes to acknowledge the sug- 
gestions and helpful advice which Professor R. S. 


Mulliken has given in the course of this work 
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Spectral and Impact Phenomena in the Faraday Dark Space 


K. G. EMELEus AND O. S. DUFFENDACK, Depariment of Physics, University of Michigan 


Received December 17, 1934 


Observations on the spectra of the negative glow and 
Faraday dark space in pure helium and in helium con 
taining a trace of nitrogen lead to the conclusion that in 
the negative glow the phenomena are due mainly to 
collisions of fast (primary 
while in the Faraday dark space impacts of the second 
kind between normal and metastable atoms are of primary 
importance. The metastable atoms present in the latter 
region are probably produced by the absorption of reso 


electrons with normal atoms 


nance radiation from the negative glow and are thus in 
the 24S state. The negative glow proper emits the He I 
and He II lines strongly and a band spectrum of He». 
The band spectrum is, relatively, much stronger in the 
region of transition between the negative glow and the 
Faraday dark space and this last region emits only the 
He I line \5016 (2'S—3'P) in sufficient intensity to be 
observed. When a trace of nitrogen is added to the helium, 
the N I spectrum replaces the Hes bands in the transition 


region. A consideration of the phenomena observed leads 


INTRODUCTION 


C Beene Faraday dark space is the name given 

to the feebly luminous space between the 
two regions of strong luminosity in the fully 
developed glow discharge. It is bounded fairly 
sharply at its anode end by the positive column 
and passes without sharp demarcation into the 
negative glow at its negative end. Early measure- 
ments on the electric field in this region indicated 


to the conclusion that He.2': *E molecules are formed by 
the union of a 14S atom and a 2!:*S atom in a three body 
collision and that the possibility of observing the visible 
He» bands at all depends on the metastable nature of the 
2° level of the He. molecule. These metastable molecules 
are excited to higher levels by slow electron impacts in 
pure helium, whereas when nitrogen is present, they are 
destroyed by impacts of the second kind with nitrogen 
molecules before they can be excited. N, molecules may 
be dissociated in these collisions, the dissociation occurring 
as a secondary consequence of the molecule’s being raised 
to a higher electronic level from which dissociation occurs 
through predissociation or because the upper level is 
repulsive or simply because the molecule is excited to a 
degree above its dissociation asymptote. The effects from 
admixtures of oxygen and of carbon monoxide to helium 
and similar experiments on neon and argon support the 
conclusions drawn from the phenomena observed with 


helium and helium-nitrogen mixtures. 


that the field is very small, or even reversed! for 
electrons, and more recent measurements’ con 
firm this observation, the current being due to a 
concentration gradient*® of ions and electrons. 
The properties of the negative glow and the 
Faraday dark space together approximate those 


J. J. Thomson, Phil. Mag. 18, 441 (1999 
McCurdy, Phil. Mag. 46, 524 (1924): Compton, Turner 


and McCurdy, Phys. Rev. 24, 597 (1924 


Emeleus and Harris, Phil. Mag. 4, 49 (1927). 
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of a plasma,‘ but an attempt to formulate an 
exact quantitative theory of these regions on this 
basis proved unsatisfactory,’ the fundamental 
difficulty being that the rate of ion formation at 
different distances from the cathode was un- 
known. The nature of the ionizing agent was 
uncertain, it being improbable that fast electrons 
from the cathode dark space could penetrate far 
into the negative glow in any considerable 
numbers, although probe analyses® indicate that 
such are present. It now appears that a too 
simple model had been adopted. 

From the spectra emitted by different regions 
the negative glow and Faraday dark space may 
be divided into four merging regions, viz., I the 
negative glow proper, II the region of transition 
from negative glow to Faraday dark space, III 
the main Faraday dark space and IV the region 
of transition from the Faraday dark space to the 
positive column. In IV there is a considerable 
accelerating field for electrons toward the anode, 
a case that has been treated theoretically by Sir 
J. J. Thomson and G. P. Thomson.’ The exist- 
ence of a difference in the spectra of II and III 
(usually treated together) and I has been recog- 
nized for some time, a part of II and III often 
being called the ‘‘aureole.”’ From a spectroscopic 
study of this in neon and argon, Druyvesteyn® 
concluded that its special properties were due 
to the presence of metastable atoms formed as a 
secondary result of the absorption of ultraviolet 
resonance radiation from I. 

In the present work we have studied the 
regions I, II and III mainly by spectroscopic 
methods and used the three lightest inert gases, 
both pure and with controlled contaminations. 
We believe that, in I, collisions of fast electrons 
with normal atoms are of primary importance,’ 
in III, impacts of the second kind with meta- 
stable atoms, and in II, the combined effects of 
electrons and metastable atoms. The investiga- 
tion has proved of interest in other connections: 
(1) Since diffusing resonance radiation occurs in 


4 Langmuir and Tonks, Phvs. Rev. 34, 896 (1929). 

5 Cowan, Thesis, Belfast (1931). 

* Emeleus and Brown, Phil. Mag. 7, 17 (1929); Emeleus, 
Brown and Cowan, Phil. Mag. 17, 146 (1934). 

7Thomson and Thomson, Conduction of Electrictty 
through Gases Vol. II, p. 361. 

8 Druyvesteyn, Zeits. f. Physik 57, 292 (1929). 

* Emeleus, Brown and Cowan, Nature 127, 593 (1931). 
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Fic. 1. Glow discharge tube. 1, 4, 5, circular disk 
electrodes; 2, semicircular disk electrode; 3, light trap; 
F, filament. 


III, spectroscopic studies on this region give 
rather direct information about secondary effects 
of this diffusion in inert gases obtained otherwise 
only by indirect electrical methods.’® (2) Some 
information has been obtained which bears on 
two molecular problems, namely, the formation 
of helium molecules and the dissociation of ni- 
trogen. (3) The results lead to a clearer under- 
standing of the mechanism of chemical reactions 
in this part of the discharge. This will be dealt 
with elsewhere. 


EXPERIMENTAL ARRANGEMENTS 


The tubes used were (i) a cylinder 3.5 cm in 
diameter with two disk electrodes of nickel and 
one copper wire electrode between the two disks ; 
(ii) the tube shown in Fig. 1 with a variety of 
tungsten electrodes, which, used in turn, enabled 
us to avoid sputtered regions and thus prolong 
the life of the tube; (iii) a bulb 8 cm in diameter, 
stemmed with a vertical tube 3 cm in diameter 
and containing a small anode at the center of the 
bulb and a nickel disk cathode movable vertically 
in the stem. Tube (ii) proved very useful and 
most data were taken with it. Direct-current dis- 
charges of from 0.1 to 10 milliamperes per cm? 
at 150 to 1000 volts were run in helium, neon 
and argon, respectively, at pressures from 0.5 to 
7 mm. The helium and the neon were purified 


1° Kenty, Phys. Rev. 44, 891 (1933); Duffendack and 
Smith, Phys. Rev. 43, 586 (1933). 7 








462 ES. 


by prolonged standing over charcoal! cooled by 
liquid air and the argon was purified by the use 
of mischmetal arcs. During use with tubes (ii) 
and (iii), the gas was circulated, and the final 
purification of the gas was effected by passing it, 
immediately before admitting it into the dis- 
charge tube, through a strong glow discharge 
between tungsten plate electrodes. The criterion 
aimed at was freedom from spectroscopic im- 
purities in the visible and near ultraviolet. The 
only contaminant found was neon in the helium 
used with (ii) and (iii) and this was probably 
present to less than 0.05 percent. When required, 
nitrogen from sodium azide, or oxygen from 
potassium permanganate was added. In this case, 
the auxiliary discharge in the circulating system 
was discontinued. In the observation of the 
spectra final recourse was always had to photog- 
raphy. 


SpecTROsCcOPIC DATA 


1. Pure helium. Our results are essentially 
similar to those of Seeliger and Mierdel,"' who 
first investigated this case, and of Keyston.” 
Region I (green) is a strong source of the singlet 
He I and He II lines by virtue of the excitation 
by high speed electrons. Bands are present also 
and these include some from high electronic 
levels so that it is possible that a recombination 
spectrum of Hee is present. This can, however, 
account for only a part of the band spectrum. 
Region II (peach) is a strong source of He: bands 
which are relatively far less intense in I in com- 
parison with the He I lines than they are in II. 
The light from III is very feeble and we are 
certain only that it emits the He I line 5016 
(2'S—3'P). 


Formation and excitation of He, molecules 


A consideration of our results in comparison 
. with those of other observers and in the light 
of present knowledge of kinetic and spectral 
theories, leads us to the conclusion that He, 
molecules are formed in three body collisions 
involving two normal 1'S atoms and one meta- 
stable 2':*S atom. The resulting molecule will be 
in the 2'S or 2°S state, depending upon whether 


" Seeliger and Mierdel, Zeits. f. Physik 19, 230 (1923). 
® Keyston, Phil. Mag. 15, 1162 (1933). 
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the metastable atom is 2'S or 2°S. 2°= molecules 
are metastable and are therefore subject to 
higher excitation by electron impact. It is this 
metastable character of the 2'S molecules that 
enables us to observe the visible helium bands at 
all. 

To discuss these results we need 
numerical data, viz., (1) the mean life of an 
excited He atom or Hes molecule, about 10-7 
sec. if in an unstable, excited state, and infinitely 
large, for present purposes, if metastable ; (2) the 
mean time between kinetic theory collisions of 
the He atoms, about 10~7p~ sec. under discharge 
condition (~350°K) at a pressure of » mm; (3) 
the fundamental vibration time™ of the lowest 
’> state of Hes, approximately 2x 10~" sec. We 
cannot carry out better than order of magnitude 
calculations, and to that approximation (2) will 
also give the time between the collision of normal 
He atoms and excited atoms or molecules, and 
(3) the effective time of contact of 2°S and 1'S 
He atoms on impact when they separate again 
without permanent molecule formation. 

Seeliger and Mierdel supposed the relative 
weakness of bands in I was due (a) to the He, 
molecule’s being formed from one metastable and 
one normal atom, and (b) to the loss of meta- 
stable atoms by their reverting to the normal 
state by impacts of the second kind with 
slow electrons. These processes are compatible 
with data now available. The chance of two 
atoms uniting to form a molecule in a two-body 
collision in the gas phase is known to be very 
small, and hence the approximate equality of the 
times (1) and (2) under typical discharge con- 
ditions shows that most unstable excited atoms 
will revert to the normal or to a lower excited 
state by radiation in preference to disappearing 
by molecule formation. Assuming that (b) is 
correct, in the form that metastable atoms are 
removed by either first or second type collisions 
with slow electrons, probe analyses of discharges 
enables an estimate to be made of the chance of 
molecule formation on collision between a meta- 


certain 


stable atom and a normal atom. From simple 
kinetic theory considerations, the relative chances 
that an electron will collide with the metastable 
atom and that a normal atom will collide with 


8 Jevons, Report on Band Spectra. 
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it are about in the ratio 0.2n,/ny.(my./m.)' 
x (T./Tue)', where n denotes concentration, m 
mass, 7 temperature of the electrons and atoms, 
respectively, and the numerical factor allows 
roughly for the difference in mean free path for 
an electron and an atom neglecting Ramsauer 
effects. Under typical negative glow conditions,*® 
(n,=10" per cc, T,=7000°K) this is of the 
order 10-° at 1 mm pressure. Hence, if meta- 
stable atoms are preferentially destroyed by 
electron collisions, the chance of molecule 
formation on atom collisions must be of this 
order or less. This, again, is compatible with a 
three-body process for the formation of Hes (the 
third atom taking off excess kinetic energy), the 
chance of a third 15S atom colliding with a 
potentially combining 1'S+ 2" *S pair during the 
time (3) being, from (2), about 10-’p. This 
chance being proportional to p is in accord with 
the well-known high pressure character of the 
He, bands and their absence from stellar spec- 
tra,“ which are produced under essentially low- 
pressure conditions. 

Seeliger and Mierdel’s process (a) is not in 
itself sufficient to account for the production of 
the visible band spectrum, since it gives rise to 
He: molecules only in the 2'*2 states, whereas 
the bands arise in transitions from higher levels. 
A second process must be involved in reaching 
the higher levels. This process is, fairly cer- 
tainly, electron collision with 2" *= He: molecules. 
From the numerical considerations already 
advanced it is clear electron collision can only 
be of importance if these molecules are meta- 
stable. Since the ground state of Hes is 1'5 (a 
repulsive level) and radiative intercombinations 
do not occur in this light molecule, the 2°2 state 
is metastable, the 2'S not. The possibility of 
observing the visible Hee bands at all appears 
to depend, then, on the metastable nature of the 
2°S level, a result which has a bearing on the 
spectroscopic properties of Ne.'* 

The part played by this level also enables us 
to understand the preponderance of triplet bands 
in the visible spectrum, particularly in the 
“uncondensed”’ positive column.” The reason is 
that changes in multiplicity produced as a result 
~ 4 Struve and Christy, Astrophys. J. 71, 277 (1930). 

i Emeleus and Duffendack, Phys. Rev. 44, 945 (1933): 


Druyvesteyn, Nature 128, 1026 (1932), has obtained bands 
which he attributed to a HeNe molecule. 


of electron impact occur most readily when the 
electron energy available is not much in excess 
of the minimum required to effect the transition, 
whereas inelastic impacts which do not involve 
a change in multiplicity take place most eff- 
ciently when there is considerable excess energy. 
The excitation energy of higher states” from 
2S, the effective ground state in this case, is of 
the order of 3 volts, whereas to produce the 
metastable 2°S parent atom from the normal 1'S 
atom requires 19.7 volts. In a simple system such 
as the uncondensed positive column, where most 
of the free electrons are included in a single 
group of rather high mean energy, comparable 
with that of the least excitation potential of the 
gas, or rather less, the conditions for the forma- 
tion of 2°S atoms in quantity is thus incompatible 
with that for producing excited singlet molecular 
states. It is only when the distribution of energy 
amongst the free electrons is more complex, with 
one group of high energy and one of low energy 
present simultaneously, as in the negative glow 
at medium pressures, that conditions are right 
for producing, first 2*S atoms, and second both 
excited singlet and triplet molecular states from 
the 2°S molecules. Conditions in a condensed 
positive column appear to approximate to those 
in the negative glow.'® The importance of having 
very pure helium to obtain the bands can now 
be understood, since it is necessary not only that 
the metastable 2'S atoms be not quenched by 
collisions with impurities, but also that the 
metastable 2°& molecules are not lost likewise. 


The spectrum of the Faraday dark space 

The spectrum of III in impure helium indicates 
that it contains metastable atoms. So far as they 
are produced by absorption of resonance radi- 
ation, they must be in the 2'S state, since there 
is no intercombination resonance line in He I. 
The observed emission of 5015 (2'S—3'P) can 
be ascribed to fluorescence of these metastable 
atoms in the green light from the negative glow 
with probably also a stronger infrared fluores- 
cence of 2'S—2'P. Absence of He: bands would 
go with the absence of 2°S atoms, or, if these 
were present (produced by electron impact with 
1'S or 2'S atoms), with the known small concen- 
tration of electrons to excite them to higher 





1s K. G. Emeleus and F. M. Emeleus, Phil. Mag. 8, 383 
(1929). 
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molecular states. The bands are strong in II 
because there is a large concentration of both 
fast electrons to produce 2°S atoms, and slow 
electrons to excite the 2° molecules. We were 
unable to excite bands in III by injecting elec- 
trons from the filament F of tube (ii). Positive 
space charge sheaths in II were observed to be 
green, emitting the 5016 line but not the bands. 
The origin of this singlet line in these sheaths 
may be the same as in III, but perhaps also 
partly due to direct excitation of 3'P by electrons 
emitted by secondary processes at the walls and 
accelerated in the sheath. In any event, the 
absence of bands follows from the small concen- 
tration of electrons in the sheaths. 


The excitation of gas admixtures 

2. Helium, neon and argon+nitrogen. When 
nitrogen is added to pure helium, the N I 
spectrum replaces the band spectrum of Hes. 
Lines of N I are visible with 0.05 percent nitro- 
gen, N I lines and He, bands are about equally 
intense with one percent nitrogen, and the He. 
bands disappear when the percentage of nitrogen 
is increased to three percent. Concentrations of 
nitrogen greater than five percent were not 
studied but cannot result in much further 
increase in the strength of N I. This spectrum is 
not observed in I, II or III with pure nitrogen."* 
The negative bands of N.* appeared in the same 
parts of the tube as the N I lines, and, in addi- 
tion, were the only spectrum observed from III 
and the space charge sheaths. These latter turned 
blue on account of these bands. The intensity of 
the bands in III was a maximum for some two 
percent nitrogen, and they were not visible with 
five percent nitrogen. Neither N I lines nor Ne* 
bands were observed with neon-nitrogen and 
argon-nitrogen mixtures. 

The initial levels of the N.* bands are probably 
excited by second type collisions between meta- 
stable He atoms and normal 'ZN: molecules, as 
follows: 


He( MS) + N2—>He(1!S) + N2*6(Bd*) +e. 


The energy discrepancy is much less than one 
volt, the energy of ionization and excitation of 
N; being 19.6 volts,'’ and the process thus likely. 


‘6 Emeleus and Hall, Proc. Roy. Irish Acad. A40, 1 


(1931). 
17 Smyth, Rev. Mod. Phys. 3, 347 (1931). 
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It is not known if one or both of the metastable 
states of He are involved, although it is probably 
mainly the singlet state in III. The weakness of 
the negative bands in II for higher concentrations 
of Nz may be ascribed to the absorption of He 
resonance radiation by nitrogen between I and 
III, or to the quenching of metastable He atoms 
by collision with N» molecules in the same region. 
The energy of metastable Ne and A is too small 
for the excitation of the Nz bands. 

The production of N I is more complicated. 
Duffendack and Wolfe'* have already shown it 
to be a two stage process, the first being supposed 
to be the dissociation of Nz into two normal (4S) 
atoms. Dissociation by electron impact, although 
possible,"* can be ruled out as an important 
factor in the present case from the absence of 
N I lines in a similar discharge in pure N,"* and, 
furthermore, that metastable He is involved one 
may deduce from the observed steady replace- 
ment of Hee bands by N I lines on adding Nz to 
He. It cannot, however, be decided from this 
observation whether the metastable 
are 2'°S He atoms or 2*SHee molecules. In any 
case, if the resulting atoms of nitrogen are in the 
normal state, the difficulty arises that there is a 
large energy discrepancy, as the heat of disso- 
ciation of Ne is less than 8 volts and the energy 
of the metastable He atoms about 20 volts and 
that of the metastable He. molecules about 17.5 
volts.2° The evidence that the N atoms are in 
the normal state is itself not conclusive, as the 
dissociation N» >N(4S)+N(*P) 
being only that the intensity distribution in the 
N I spectrum is the when it is 
produced in a heavy current arc at high pressure,”" 
on the cathode of the glow discharge in the pure 
gas,'* and in the present case and in the presence 
of argon.”® This similarity is understandable if 
in each case the excitation, after the atoms have 


systems 


is possible, it 


much same 


once been formed, is by electron collisions with 
them in the ground state. 

We attempted to decide this by examining the 
line width of the stronger visible N I lines with 
a Fabry-Perot interferometer. They might be 

* Duffendack and Wolfe, Phys. Rev. 34, 409 (1929 


‘® Kondratew, Zeits. f. Physik 38, 346 (1926); Turner and 
Samson, Phys. Rev. 34, 743 (1929). . 


© Mullikan, Rev. Mod. Phys. 4, 61 (1932 
*! Ryde, Proc. Roy. Soc. Al17, 164 (1927 
* Anderson and More, Phys. Rev. 38, 1995 (1931 














PHENOMENA IN THE 


expected to be broadened if there were the large 
energy discrepancy mentioned going into kinetic 
energy of the N and He atoms. No broadening 
was found with a 17.5 mm etalon, nor was any 
found with a slightly different form of He—N, 
discharge by Bacher.** However, calculations 
like those made for pure helium show that even 
if the N atoms were formed in the ground state 
with high kinetic energy, they would make some 
million collisions with other atoms or molecules 
before excitation by electron impact and would 
by that time be in thermal equilibrium with the 
gas. 

Cameron™ obtained NI lines in Ne—-N, 
discharges. His observations are, however, unre- 
liable, since his neon probably contained he- 
lium.*® Anderson and More*® produced the N I 
lines in a low voltage arc in A-Ne mixtures, 
contrary to a negative result under similar con- 
ditions by Duffendack.** The only obvious differ- 
ence in the experiments is that Anderson and 
More used an oxide coated filament and Duffen- 
dack bare tungsten. In view of the rapid inter- 
action between hot tungsten and N atoms, it is 
possible that in Duffendack’s tube the tungsten 
filament kept the N atom concentration low. 
Whatever the reason, it is clearly much easier 
to produce the N I spectrum in helium than it 
is in argon or in neon. 

An ultimate explanation may be looked for on 
the following lines. The dissociation of Nz: to 2N 
on impact with a metastable atom of sufficient 
energy may occur either by increase in vibra- 
tional energy in the 1'S ground state of Ne or 
as a secondary consequence of the molecule’s 
being raised to a higher electronic level from 
which dissociation occurs either through predis- 
sociation or because the upper level is repulsive, 
or simply because it is excited above its dis- 
sociation asymptote. So far as energy considera- 
tions go, any upper level can be reached in the 
latter manner if some one of its sublevels has less 
energy than is possessed by the metastable 
particles. Since, however, the changes involved 
are electronic, we might expect the internuclear 
distance to be fairly closely conserved as in 


3 Bacher, Phys. Rev. 43, 1001 (1933). 

*% Cameron, Phil. Mag. 1, 405 (1926). 

*% According to later work by one of us (K.G.E.) with 
the same specimen of neon. 

2° Unpublished observation. 
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Franck-Condon transitions. Thus the transition 
becomes comparable to an atomic energy inter- 
change in requiring fairly close energy resonance 
for the transition to be a probable one. Compared 
with an electronic change at close resonance, the 
direct vibrational dissociation is unlikely.2” The 
experimental evidence points, then, to the dis- 
sociation of N; in He being due to an electronic 
transition in N» with close resonance, followed by 
a separation of the atoms, and in Ne and in A to 
any dissociation either through an electronic 
transition with less close resonance or by vibra- 
tional dissociation. Knowledge of the electronic 
levels of Ne is too fragmentary to make further 
discussion worth while, but it may be noted that 
when once a case of dissociation through an 
electronic change has been established, it pro- 
vides a way for obtaining a point on a V—r curve 
for a molecule which it may not be possible to 
obtain otherwise. 

3. Helium and oxygen. With about one percent 
O- in He, III turns a brilliant apple-green and 
shows the first negative bands of O.*+. No such 
effect was observed with Ne or A. The initial 
state of the O,* bands (5 ‘= ?) requires about 19.5 
volts** for excitation from the normal (*2)Oz, so 
that the interaction 


He(MS)+0O2=He(1!S)+0O,*(6 ‘3 ?)+electron 


is likely. Metastable Ne and A have again too 
little energy to effect the transition. 

4. Helium and carbon monoxide. This mixture 
was studied by Seeliger and Mierdel" who found 
that the Baldet-Johnson bands of CO* replaced 
those of He, in the aureole. The upper state of 
these is BY’, with its state of least vibrational 
energy about 19.6 volts above the normal state 
of CO,"’ and hence the resonance : 


He(MS)+CO = He(1!S) +CO*(BE*) +electron 


is again likely. Seeliger and Mierdel did not 
observe the ultraviolet B*=>—X*Z negative 
bands of CO*, but they must certainly have been 
present as they are enhanced in other discharges 
in He-CO mixtures.” It is noticeable that with 
both CO and Ng, the foot of the V—r curve for 
the ionized state excited by metastable helium 
is almost directly above the foot of the curve for 
27 Dr. H. S. W. Massey informs us this is the case. 


*® Roy. Phil. Mag. 15, 421 (1933). ‘ 
* Weizel, Bandenspektren, p. 393. 
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the normal molecule. The same may also be true 
of Os and O,*. 

5. Helium and mercury and molybdenum. These 
provide apparent exceptions to the principle of 
resonance. With a trace of the vapor of either 
metal in helium, a strong development of its arc 
spectrum was observed in the aureole. The energy 
discrepancy, if the initial states are produced by 
impacts with metastable helium atoms in a 
single act, would be in each case greater than 10 
volts. Insufficient data are available to make an 
attempt at an explanation of these cases profit- 
able. 


Mechanism of the discharge 


The results of the last section, taken with 
those obtained by Druyvesteyn,* show the im- 
portance of resonance radiation and metastable 
systems in II and III. In several cases (e.g., O» 
admixture in He), new ions result through their 
action, and it was, in fact, observed in these 
cases that there was a great increase in conduc- 
tivity relative to the conductivity of the pure 
gas. With O, in He at 2 mm this was some five- 
fold for a one percent admixture; with N» rather 
less. However, beyond the recognition of the 
importance of such processes, the general theory 
of the Faraday dark space is not advanced quan- 
titatively since we do not know either the con- 
centration of metastable systems or the efficiency 
of their second type interactions in any individual 
case. The discharge properties of gases of extreme 
purity'® become an interesting problem, and also 
the question of whether such purity can be 
attained in a glow discharge. More generally, the 
difficulty in the way of formulating an exact 
theory in this and many other cases comes from 
our very incomplete knowledge of the extent to 
which the system as a whole departs from a 
state of thermal equilibrium. We merely know 
that this is approached in certain unit processes 
occurring (such as those effecting energy inter- 
changes amongst the free electrons of low energy 
which have almost a Maxwellian energy dis- 
tribution) ,* and must, therefore, pick out the 
individual atomic and molecular acts which seem 
likely to be of most significance under the cir- 
cumstances and examine their consequences as 
far as we are able. The model of the discharge 


then errs on the side of simplicity, and it is to the 
neglect of important factors (perhaps the forma- 
tion of negative ions) that we may attribute the 
failure of the present theory to explain, in the 
present case, such phenomena as the occasional 
appearance of striations in the Faraday dark 
space.*° 

A consideration of all the data at present 
available seems to point to the following con- 
clusions. The negative glow proper, region I, is 
produced by the excitation of the gas molecules 
by high speed primary electrons. Simultaneous 
ionization and the excitation of the resultant ion 
is responsible for the spark spectra and negative 
bands observed in the negative glow. In the 
transition region II the effects of electron impacts 
are of less importance and the effects of the 
absorption of resonance radiation and of impacts 
of the second kind with metastable atoms and 
molecules become important. In region III, the 
phenomena are due almost wholly to these latter 
effects. The current through the Faraday dark 
space is a diffusion current of electrons and 
positive ions giving a resultant electron current 
toward the anode. 

The results have an application in spectro- 
scopy. A common method for exciting spectra of 
an element is to volatilize it in a hollow cathode 
tube in an inert gas, when excitation of the added 
material occurs through second type collisions 
between the metastable atoms and ions of the 
inert gas and the added atoms.*' The somewhat 
different properties of I, II and III suggest that 
differential excitation might be observed if the 
three regions, or some of them, were observed 
separately instead of, as in the usual form of 
hollow cathode tube, effectively together. 

The greater part of the experimental work was 
done at the University of Michigan during 1932 
33. One of us (K.G.E.) gratefully acknowledges 
the facilities put at his disposal by Professor H. 
M. Randall during this time while he was a 
guest of the University. Mr. A. Helz gave much 
help with the experiments. 


* Holm, Phil. Mag. 11, 194 (1931); Zeleny, Nature 125, 
562 (1930). 

" Duffendack, Henshaw and Goyer, Phys. Rev. 34, 1132 
(1929), 
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The Probability of Collision for Slow H*, (H'H')*, (H'H’)*, (H°®H*)*, (H®)* and 
He* Ions in Argon 


EpwarD B. JoRDAN,* University of California, Berkeley 
(Received December 24, 1934) 


The probability of collision P, for slow H*, (H'H!")*, 
(H'H?*)*, (H?H?)*, (H*)* and He* ions in argon has been 
measured. The energy range studied was 225 to 4200 volts 
for the H* and (H'H!')* ions, 225 to 1300 volts for the 
(H'H?!)*, (H*H*)* and He* ions and 300 to 1225 volts for 
the deuteron hydrogen molecular ion (H'H')* beam. The 
probability of collision for the (H'H')* ion decreased from 
a value of P,=56 at 225 volts to a minimum value of 48 
at 784 volts with a subsequent increase to P.=57 at 3840 
volts. The proton curve increases from P, = 38 at 225 volts 
to P.=46 at 4220 volts. It gradually flattens out at the 
higher voltages. The (H'H*)* and (H*H?)* curves remain 
nearly constant at P.=41 and 39, respectively, while the 


INTRODUCTION 


F a positive ion is sent into a gas, there is a 

certain chance that it will reach a point, a 
given distance in the direction of its initial 
velocity, in its original condition. The chance is 
known to be an exponential function of the 
pressure, distance and a term called the proba- 
bility of collision, P. which depends on the 
process involved and is a function only of the 
nature of the ion, its velocity and the nature of 
the gas. The unit of P. is cm*?/cm’ or 1/cm. It 
may be interpreted either as an area per cubic 
centimeter per unit pressure at O0°C or as a 
number of collisions per unit ion current per unit 
path length per unit pressure at 0°C. The latter 
interpretation is used throughout this paper. The 
effective area g for a single atomic collision is 
found by dividing P. by the number of atoms 
per unit volume per unit pressure. If the unit of 
pressure is one mm Hg at 0°C and the unit of 
volume one cubic centimeter then g=0.281 
x10-'* P. cm*. The mean free path is given by 
1/P.p where p is the pressure in mm Hg at 0°C. 
A determination of P. and a knowledge of the 
process involved is very important in the study 
of gaseous discharge phenomena. 

The first quantitative measurements of P 
were made for slow protons in hydrogen. Aich’ 


* National Research Fellow, Harvard University. 
1 R. B. Brode, Rev. Mod. Phys. 5, 258 (1933 
?W. Aich, Zeits. f. Physik 9, 372 (1922 


He* curve decreases from P.=28 at 225 volts to 24 at 
1225 volts. The curve obtained by using a deuteron 
hydrogen molecular ion beam shows two distinct minima 
at 380 volts and 806 volts. The percentage of (H"H!')* ions 
in the beam was estimated to be 15 percent. The (H'H')* 
and H* curves, and the (H'H')*, (H'H*)*, (H*H?)* and 
He* curves are grouped separately for comparison, and 
the probable processes in each case are discussed. It is 
significant to note that the heavier isotopic molecular 
ions have a longer mean free path in argon than the 
lighter (H'H')* ion. A possible source of the discrepancies 
between the results of different authors in this field is 
discussed. 


in 1922 found that the collision radius of an He 
molecule and a 25-volt proton was approximately 
the same as the kinetic theory value of the radius 
of the Hz molecule. 

In 1925, Dempster’ studied the nature of the 
collisions between H*, H,*, He* ions and helium 
atoms. He concluded that no ionization was 
produced by 900-volt protons and that the 
decrease in intensity of a proton beam in helium 
was due chiefly to small angle scattering, and 
not to neutralization. Neutralization of the He* 
ions usually occurred upon the first collision 
while the H,* ions were for the most part dis- 
sociated. The direction of the dissociated H* ion 
was at a small angle to that of the parent H,* 
ion. G. P. Thomson‘ likewise found appreciable 
small angle scattering for protons of 5000 to 
25,000 volts energy in hydrogen, helium and 
argon. 

The next important measurements were made 
in 1930 by Holzer.’ He found a variation of P 
with ion velocity when H*, H,* and H;* ions 
were sent into hydrogen gas. The velocity range 
corresponded to a change in energy of 60 to 850 
volts. The probability of collision for the H;’* 
ion. was found to be smaller than the correspond- 
ing value for the H,* ion. He concluded that the 
absorption of H,* by hydrogen was due to 

*A. J. Dempster, Proc. Nat. Acad. Sci. 11, 552 (1925 


*G. P. Thomson, Phil. Mag. 1, 961 (1926) 
*R. E. Holzer, Phys. Rev. 36, 1204 (1930). 


467 











468 EDWARD 
neutralization while the inrportant factor in the 
absorption of H* and H;* was scattering. 
Holzer® later reported some measurements for 
H*, H.* and H;* ions in argon and helium but 
did not give the magnitudes of his values. 

In 1931, Ramsauer, Kollath and Lilienthal’ 
measured the probability of collision for protons 
in He, He, A, Nz and Ne for ion energies of 30 
to 2500 volts. When P, was plotted against the 
velocity of the protons in root volts, a minimum 
between (V)'=40 and (V)!=50 was observed 
for most of the gases studied. Their curve for 
hydrogen in complete disagreement with 
Holzer’s curve. Ramsauer, Kollath and Lilienthal 
also found a large variation in the magnitude 
and slope of their curves as the slit dimensions 
in the scattering cylinder were decreased. These 
marked at the lower 


1S 


variations were more 
velocities. 

The present experiment was undertaken in an 
attempt to explain some of the discrepencies in 
this field and to investigate the variation in the 
mean free path of ions having the same number 
of external electrons but different masses. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


Diagrams of the experimental apparatus and 
circuit are shown in Figs. 1 and 2. They are for 
the most part self-explanatory, thus only a few 
details will be given. 

A hot cathode a.c. arc was used to produce the 
ions. It was housed in a brass 
cylinder insulated from the rest of the apparatus 
by means of a hardened lavite ring. A 20-mil 
spiral tungsten filament was used for a cathode. 
The pressure control of the gas in the arc was 
effected by steady flow through capillary leaks 
from reservoirs. A pressure of anproximately 
5x 10-* mm Hg was used. The ions were drawn 
from the arc by means of a water-cooled copper 
electrode placed at a negative potential (V;) of 
400 to 700 volts with respect to the filament. 
There was a 2-mm hole in this electrode which 
allowed some of the ions to pass through it into 
a region maintained at a low pressure by means 
of a 40-liter per sec. Apiezon oil pump. The ions 


water-cooled 





*R. E. Holzer. Pasadena meeting of the Am. Phys. Soc., 
June 15, 1931. Phys. Rev. 38, 585A (1931). 


™C, Ramsauer, R. Kollath and Lilienthal, Ann. d 


Physik 8, 709 (1931). 
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CIRCUIT 


Fic. 2. Circuit. 


were next accelerated or retarded to the desired 
velocity by means of an applied potential dif- 
ference the and a 
grounded iron cylinder shown in Figs. 1 and 2 


between first electrode 


The potential V2 was supplied by a voltage 
doubling circuit shown in Fig. 2. The path of the 
beam was shielded from stray magnetic fields by 
means of the iron cylinder through which the 
ions passed and additional external iron shielding 

The magnetic field, calibrated by means of a 
test coil and Grassot fluxmeter, was found to be 
roughly proportional to the current flowing in 
the coils of the magnet when care was taken to 
reverse the magnetic field before measurement. 
When the ion beam emerged into this magnetic 
field, its constituent ions described different cir- 
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cular paths, the radius of any one of which was 
determined by the mass, charge and velocity of 
the ions in that path and by the magnetic field 
strength. If the field strength was so adjusted 
that the radius of curvature of a particular ion 
path was 5.21 cm, then these ions passed through 
the quarter circle into a field free region just 
preceding the scattering chamber and collector. 
The scattering chamber was 4.3 cm in diameter 
and 8.41 cm long, and the collector was 7.0 cm 
deep. They were both held in position and in- 
sulated by means of short lengths of glass tubing, 
care being taken that there was no resistance to 
flow of gas in the region immediately surrounding 
the cylinders. The areas of the openings were: 


Area of aperture No. 1 =0.33 sq mm 
— © * io = 
3=2.0 J 
4=7.1 


The first aperture was made small so that dif- 
ferential pumping could be used and in order 
that a beam of small cross section would enter 
the chamber. The area of the third aperture 
must be quite small or the measurement of P, 
for ions will have no significance, especially in 
the case where the process involved is one of 
small angle scattering. 

Fig. 3 is a graph of the current received by the 
collector as the magnetic field was varied when 
ordinary hydrogen and also deuterium were used 
in the arc. 

The equation which expresses the fraction of 
the initial number of ions that still remain in a 
beam after it has traversed a distance x through 
a gas is: 


p represents the pressure in mm Hg at 0°C and 
P.. the probability of collision. For use in the 
experimental determination of P, the equation 
may be written in the following form: 


1,=[Ii+I2]a,e-P*. 


I, represents the current which reaches the col- 
lector when the scattering chamber is grounded, 
I, the current to the scattering cylinder, x the 
effective length of the cylinder and a, the frac- 
tion of current which reaches the collector when 
no gas is flowing through the scattering chamber. 
The magnitude of a, may be as small as 0.5 for 
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Fic. 3. Collector current as a function of the magnetic field 
for ordinary hydrogen and deuterium in the arc. 


the lower energies on account of the electro- 
static spreading of the beam. This is especially 
true in accurate measurements where the third 
aperture is relatively small. The loss of ions 
from the beam because of the presence of a vapor 
will also contribute to the magnitude of a,. The 
derivative of the above equation when expressed 
in logarithmic form 


d({ log. (11/(I1+J]s)) //dp= —P x 


does not contain a,, and thus P, may be cal- 
culated from the slope of an experimentally 
determined pressure vs. log, J;(J,+J:) straight 
line. Fig. 4 shows five of these experimental 
curves, each one of which corresponds to a dif- 
ferent initial ion velocity. The pressures as 
marked on the plot have not been corrected for 
temperature, however this correction was made 
before computing P.. 

The procedure in determining a value of P. 
for a given ion at a particular velocity was 
briefly as follows. After the tube had reached a 
steady state, the magnetic field was so adjusted 
that the maximum of one of the peaks was 
observed. The deflections of the pliotron gal- 
vanometer for J, and ],+J/, were recorded while 
the gas in the scattering chamber was maintained 
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Fic. 4. Pressure vs. log, J;/(J:+J,) straight lines for the 
deuteron hydrogen molecular beam in argon. 


constant at p; (measured by a McLeod gauge). 
In practice the value of 7; was taken as the aver- 
age of several trials. The pressure was raised by 
compressing the gas in the reservoir behind the 
leak to the scattering chamber. A Pirani gauge 
was used to indicate when equilibrium was again 
reached at the new pressure P2, which was 1 or 
2x<10-* mm higher than P,, and again J, and 
I,+I, were both recorded. The pressure was 
then raised to P; and the process was repeated. 
The data thus obtained were sufficient to deter- 
mine a pressure vs. log, /;/(/,:+/2) straight line 
from which P, could be calculated. In those cases 
where a straight line could not be made to touch 
the three determined points and the pliotron 
showed signs of fluctuation the measurements 
were discarded. P.. was found to be independent 
of the pressure within the range studied. 

It is clear from the above discussion of the 
differential method by which P. is calculated 
that no error will be introduced by the presence 
of an unknown vapor in the scattering chamber, 
providing its vapor pressure remains constant. 
However, any impurity in the gas in which the 
measurements are made will obviously introduce 
an error. 99 percent pure argon was purchased 
and tested for impurities before being employed. 
The same gas supply was used for all measure- 
ments presented in this paper. 


B. 





JORDAN 


The Pirani and McLeod gauges were attached 
directly to the scattering chamber unit. No cor- 
rection for flow resistance was necessary because 
of the construction of this unit and the position 
of attachment of these gauges. 


RESULTS AND DISCUSSION 


The results of the measurements are shown in 
Figs. 5, 6 and 7. Fig. 5 shows the number of col- 
lisions per cm path length per mm pressure at 
0°C as a function of the velocity in root volts for 
(H'H')*+ and H* ions in argon. The range in 
velocity studied corresponds to an energy range 
of 225 to 4200 volts. To change over to velocity 
in cm per second one can use the approximate 
equation v= 1.39 10°(V/M)! cm/sec., where V 
is in equivalent electron volts and M in atomic 
mass units. 

Upon a single encounter with an atom of the 
gas, a monatomic ion may be deviated from its 
original direction by scattering, or it may become 
neutralized, either continuing in the same or in a 
different direction. A diatomic ion may, in addi- 
tion to the above, be dissociated. The products 
of dissociation may or not continue in the same 
direction. 

Since the ionization potential of the (H'H’) 
molecule (15.9 volts),* is nearly equal to the 
ionization potential of argon (15.7 volts)® it 
appears that the neutralization of the (H'H')* 
ion is very probably the process taking place 
and should account for at least the initial portion 
of the (H'H')* curve.® The final rise is, however, 
difficult to interpret, as some other process such 
as dissociation may be taking place at these 
higher voltages. Further experiments in which 
the shape of the beam is studied at various 
pressures will have to be carried out before the 
nature of the collision can be definitely estab- 
lished. 

The proton curve increases from P,.=38 at 
225 volts to P.=46 at 4220 volts. It gradually 
flattens out at the higher voltages. Previous 
experiments indicate that scattering is taking 
this case. Ramsauer, Kollath and 


place in 





*H. D. Smyth, Rev. Mod. Phys. 3, 389 (1931). 

* Holzer* has shown that a similarly shaped curve is ob- 
tained in this velocity region when (H'H')* ions were sent 
into hydrogen gas and that the process involved was 
neutralization. 
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Fic. 5. Probability of collision, P.. 


Lilienthal’ have definitely shown that there is 
no ionization by 2000-volt protons in argon and 
that scattering is important at the lower veloc- 
ities. Ramsauer and Kollath’® have since shown 
that for very low velocities practically all of the 
scattered protons continue in a direction at a 
small angle to their original direction. The work 
of G. P. Thomson‘ likewise indicates that there is 
appreciable small angle scattering for protons of 
5000 to 25,000 volts energy in argon. An explana- 
tion of the positive slope found will undoubtedly 
involve a solution of the wave equation. It is not 
at all improbable that this curve may rise at still 
lower velocities and that there exists an effect 
for protons in argon similar to the Ramsauer 
effect for electrons. 

The curves shown in Fig. 6 are for the (H'H?)*, 
(H*H?*)*+ hydrogen molecular ions and He* ions 
in argon. A portion of the (H'H!')* curve is 
replotted here for purposes of comparison. The 
value of P. for the (H'H?)* ion is considerably 
smaller than for the (H'H')* ion, while the value 
for (H*H?)* is only slightly less than that for the 
(H'H?)* ion. The heavier hydrogen molecular 
ions thus have a longer mean free path than the 
lighter (H'H')* ion, and the variation for differ- 
ent ions is no simple function of the mass. It is 
also remarkable that P,. does not vary markedly 
with ion velocity over the range studied. Un- 
doubtedly the same process is taking place in all 
three cases and is probably one of neutralization. 


°C. Ramsauer and R. Kollath, Ann. d. Physik (5) 16, 
570 (1933). 
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VELOCITY In WOLTS 


FG. 6. Probability of collision, P,. 


The magnitude of P, for the helium ion curve 
shows a slight uniform decrease over the range 
studied. Since the ionization potential of helium 
is sq much greater than for the argon atom, it 
may be concluded that the process here is not one 
of neutralization but is probably one of scatter- 
ing. Its mean free path in argon is much greater 
than that of the hydrogen molecular ions in the 
same velocity range. 

Fig. 7 shows the curve obtained wheh the 
composite (H*)*, (H'H')*+ beam was used. The 
percentage of (H'H')* ions present was unknown 
although a study of the magnitudes of the dif- 
ferent peaks when ordinary and heavy hydrogen 
were used in the arc indicates a value of 15 
percent. This can only be considered as an ex- 
ceedingly rough estimate. This peak was con- 
siderably broader and flatter on top than any of 
the others, thus slight fluctuations in the applied 
potentials or magnetic field did not affect the 
readings so markedly. The experimental points 
were not taken in any regular manner and each 
set of readings obtained was found to lie ac- 
curately on a pressure vs. log, J,/(1,+Js) 
straight line, consequently no points were dis- 
carded. Some of these curves are shown in Fig. 4. 
The end values of P. are approximately the same 
as those for protons at the corresponding energy 
values and the average trend of the curve is 
likewise upward; however, two unexpected 
minima were observed. The minimum which 
occurs at 806 volts is much sharper and slightly 
deeper than that observed at 380 volts. The 
de Broglie wavelengths corresponding to these 
minimum values are \=0.010A and \=0.0071A. 
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Fic..7. Probability of collision, P.. 





The non-existence of such minima in the proton 
or the (H'H')* curves shown in Fig. 5 is by no 
means established, for the fluctuations in P, were 
sufficiently large to render a study of their fine 
structure impossible. A similar study using a pure 
deuteron beam is planned for the near future. 
The only data available for comparison are 
those obtained by Ramsauer, Kollath and 
Lilienthal’ for protons in argon. Fig. 8 shows the 
corresponding curves. A clue to the cause of the 
discrepancies which have occurred in this field is 
found in Ramsauer, Kollath and Lilienthal’s own 
data. Using a slit aperture of 150 square milli- 
meters area (which corresponds to the third 
aperture of 2 square millimeters area used in this 
experiment), they obtained the curve repre- 
sented by the solid line. A circle with a stroke 
through it represents a possible variation in P. 
due to an uncertainty in the pressure vs. log 
straight line. Using a smaller aperture area of 
40 square millimeters they next obtained four 
points, three of which are well outside the limit 
of error of their previous measurements. These 


points are indicated by triangles. A curve 


(dashed line) which is similar in shape to their 
other one is drawn through them by the author. 
It will be noticed that this second curve ap- 
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A comparison of the data obtained by different 
authors for protons in argon. 


Fic. 8. 


proaches more closely to the one reported in this 
paper using a circular aperture of two square 
millimeters area. It is difficult to understand how 
data, obtained using slit apertures of such large 
area, can have any meaning, especially when the 
process involved is one of small angle scattering. 
Even for small aperture areas a slit introduces 
distortion since ions which are scattered at a 
small angle in the lengthwise direction of the 
slit can get through into the collector while those 
scattered in the opposite direction cannot. The 
amount of distortion would depend on the 
relative width and length of the slit. A well- 
defined circular beam of small cross-sectional 
area is also necessary if accurate measurements 
are to be obtained. If the process involved had 
been one of neutralization, an agreement would 
probably have been found regardless of the 
shapes or sizes of the apertures. 

In conclusion, the author wishes to thank 
Professor R. B. Brode for many valuable dis- 
cussions comments and to acknowledge 
gratefully an appointment by the National 
Research Council which made the completion of 
this work possible. 
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The Conductivity Produced in Neon and Helium by Irradiation with Their Own 
Resonance Radiations and the Effect of Foreign Gases on This Conductivity 


R. W. Smitu anv O. S. DuFFENDACK, University of Michigan 
(Received February 1, 1935) 


The conductivity observed ten tube diameters or more 
beyond the end of a discharge in Ne or in He is investigated 
at pressures of from 0.25 mm to 14 mm. Great care is taken 
to insure rigorously pure gas. The conductivity is deduced 
from the characteristic of a rotatable pair of paraliel plane 
collectors and guard rings completely shielded with glass. 
At pressures above about 0.25 mm no current is observed 
when the collectors are perpendicular to the tube axis so 
that the space between them is shielded from the direct 
radiation. The total current (to collectors and guard rings) 
is considerable. When the collectors are turned so that the 
primary radiation illuminates the space between them, 
considerable currents are obtained and the much larger 
total current is of the same order of magnitude as in the 
perpendicular position. These results show that the ions 
which give rise to the conductivity must be formed in 
the space between the collectors and also that any met- 


INTRODUCTION AND PURPOSE 


NVESTIGATIONS of the nature and proper- 

ties of resonance radiations were for many 
years limited to those which could be pursued 
by the usual photographic methods. This re- 
striction was severe in that it eliminated from 
consideration all of the interesting rare gases 
whose resonance radiations are much too short 
in wavelength to be transmitted by any known 
window material. These gases, particularly He, 
possess metastable states whose population under 
ordinary discharge conditions may be very large 
and whose lifetime is very long compared with 
that of the unstable states. It would be very 
significant to study quantitatively the part 
played by metastable atoms in the propagation 
of resonance radiation through a gas. 

A few years ago a possible line of attack was 
suggested by Langmuir and Found! who dis- 
covered that the conductivity existing in a 
discharge tube at a considerable distance be- 
yond the end of a discharge in Ne was much too 
large to be accounted for by any agent moving 
away from the discharge by diffusion. They as- 
cribed this conductivity to electrons emitted 
from the glass walls and metal surfaces, and 


1 Langmuir and Found, Phys. Rev. 36, 604 (1930). 


astable atoms which may produce these ions must also 
be formed in this space. It is difficult to reconcile these 
results with the propagation of resonance radiation through 
the gas by diffusion for they indicate an abnormally long 
free path for the resonance radiation of He and Ne. The 
large conductivity observed in the pure gas under condi- 
tions such that the photoelectric action of the primary beam 
is very small suggests that electron emission by impacts of 
metastable atoms is of major importance. Argon and 
krypton in small admixtures increase the conductivity of 
neon or of helium due to the action of the metastable atoms 
of the main gas in ionizing the argon or krypton. Neon 
greatly decreases the conductivity of helium while helium 
has no measurable effect in neon. In these cases ionizing 
collisions are not possible but the metastable atoms of 
helium readily transfer their energy to the nearby excited 
levels of neon. 


caused by metastable atoms. These metastable 
atoms, they suggested, were produced by reso- 
nance light of slightly different frequency from 
that of the core of the resonance line. As the 
primary light source produced a rather broad 
resonance line, such light would be present in 
considerable intensity. Kenty? repeated and ex- 
tended these experiments and confirmed that 
many metastable atoms are produced at large 
distances (10 tube diameters or more) from the 
discharge, probably by the method suggested by 
Langmuir and Found. However, Kenty con- 
cluded that while these metastable atoms are of 
relatively great importance in causing conduc- 
tivity in cases where there is present a small 
amount of impurity ionizable by metastable 
atoms, their effects in pure gases are very small 
compared with the photoelectric effect of the 
extreme ultraviolet radiations. Penning’? made 
some important studies of this conductivity and 
the effect of small amounts of added impurities 
and agreed that the large increases in conduc- 
tivity which result when argon is added to neon 
are caused by the ionization of A atoms by meta- 
stable Ne atoms in impacts of the second kind. 


? Kenty, Phys. Rev. 38, 377, 2079 (1931); 40, 633 (1932); 
43, 181 (1933). 
? Penning, Zeits. f. Physik 78, 454 (1932) . 
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Evidently the observed conductivity may be 
explained on at least three quite different bases: 
(1) The extraction of electrons from the discharge 
tube walls and electrode surfaces by metastable 
atoms; (2) photoelectric emission from the tube 
walls and electrode surfaces; (3) the ionization 
of traces of impurities present in the gas. How- 
ever, all of these explanations are compatible 
with the conclusion that considerable concen- 
trations of metastable atoms may be built up 
in a neutral rare gas which is irradiated by its 
own resonance radiation; and, further, that these 
metastable atoms may give evidence of their 
presence by their effectiveness in ionizing small 
traces of impurities. The investigations men- 
tioned thus far do not permit a definite dis- 
tinction to be made between the effects of the 
direct primary resonance radiation from the 
source, those of secondary resunance radiation 
produced by the absorption and reemission of 
resonance radiation in the gas and the effects of 
primary ultraviolet radiation multiply reflected 
from the tube walls. Collectors whose orientation 
with respect to the primary beam can be varied 
allow measurements to be made with the radia- 
tion directly incident on the collecting surface, 
just grazing it or not striking it at all. Plane 
parallel plates give more easily interpretable 
characteristics but only if they are fitted with 
guard rings of ample width. The use of unguarded 
collectors makes it difficult to interpret data 
taken in the presence of volume ionization. 
Especially would this be true in gas which was 
not rigorously purified as the conductivity is 
extremely sensitive to traces of impurities. 

The present experiments, already briefly re- 
ported,‘ were begun with a threefold purpose: 
(1) To obtain gas as rigorously pure as possible; 
(2) to investigate quantitatively the effect of 
small admixtures of foreign gases on the con- 
ductivity produced in Ne and in He by irradia- 
tion with their own resonance radiations; (3) to 
study the various agencies contributing to the 
conductivity and the mechanism of the propaga- 
tion of resonance radiation away from a source. 
Ordinary experience has shown that only the 
most elaborate precautions for long continued 
purification and complete degassing of the inti- 


* Duffendack and Smith, Phys. Rev. 43, 586 (1933). 
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mate apparatus will suffice to maintain rigorously 
pure gas. It was therefore felt that considerable 
effort could profitably be expended in an attempt 
to ascertain first what effects would be most 
important in a pure gas. 


APPARATUS 


The vacuum system was rather elaborate and 
combined an efficient and flexible circulating and 
purifying system capable of purifying relatively 
large quantities of Ne and He together with a 
rapid and reliable means of adding very small 
amounts of foreign gases. The gases could be 
circulated through the purifying agents alone or 
also through the discharge tube during runs. In 
this way the gas could be purified continually 
while the tube was being baked and pumped 
dry. It was then very pure when admitted to the 
tube and could be maintained so by regulated 
circulation during the experimental runs. 

The discharge tube used is shown in Fig. 1. 
It was 80 cm long and arranged so that a hot 
cathode arc could be maintained at the opposite 
ends. This made possible a fairly uniform 
illumination near the center of the tube. Midway 
between the two anodes, which were about 16 
tube diameters apart, were supported two parallel 
plane nickel electrodes 1 cm in diameter fitted 
with guard rings 1 cm wide. These were com- 
pletely shielded with glass except on their 
adjacent faces, the lead wires were also shielded, 
and the whole assembly was rotatable about a 
vertical axis perpendicular to the tube axis. 

Great care was taken in procuring and main- 
taining pure gas. The rare gases used, Ne, He, 
A and Kr were obtained commercially spectro- 
scopically pure. The Ne and A were further 
purified by prolonged circulation over charcoal 
in liquid air, chabazite in liquid air and over hot 
copper oxide. As a further precaution for the 
removal of H, the method of Paschen® was used. 
No waxed joints were used in the vacuum system 
and the few stopcocks were lubricated with a 
special low vapor pressure grease. Two liquid-air 
traps containing glass beads in series on each 
side of the discharge tube and wads of gold foil 
in the pumping leads served to exclude Hg vapor 
from the tube. 


* Paschen, Ann. d. Physik 45, 625 (1914). 
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Fic. 1. Diagram of experimental tube. 


Since the A and Kr were obtained already 
spectroscopically pure and in any case were to 
be used only as small admixtures it did not 
seem necessary to subject them to such ex- 
haustive purification. As a precautionary meas- 
ure, however, a low voltage arc was maintained 
in the A reservoir between Ca electrodes for 
about a month after which time the A was found 
to be very pure. The Kr was used directly from 
the original container. 

Spectroscopic analysis of the various gases as 
received from the vendor revealed no trace of 
any impurities, except a trace of Ne in the He. 
Yet the experimental results revealed that im- 
purities were certainly present and that these 
results were themselves probably the most sensi- 
tive test for such subspectroscopic traces of 
foreign gases. Throughout the investigation the 
actual behavior of the conductivity itself was 
taken as an indication of the gas purity. 


PROCEDURE 


The primary gas was circulated for two or 
three days through the purifying system until 
greatly overexposed spectrograms showed no 
trace of impurity. The gas was then pumped 
into a reservoir containing well-degassed charcoal 
immersed in liquid air where it was allowed to 
stand for 12 to 24 hours while the experimental 
tube was being baked at 400°C. After this the 
gas was slowly admitted to the tubes. Then the 
arcs were struck and maintained at a high 
current density while the gas was circulated 
through the tube and entire purifying system 
for 4 to 6 hours. This flushed out the tube and 
cleaned up residual impurities. The rate of 
circulation was then slowed down, the arcs 
adjusted to the proper current density and the 
run made. 


When foreign gases were used, the charcoal 
and chabazite were shunted out of the circu- 
lating system as they readily absorb A and Kr. 
By means of a calibrated bulb and suitable 
cut-offs small amounts of the gas to be admixed 
could be accurately and rapidly added to the 
main gas and mixed by circulation. At low 
primary gas pressures equilibrium could be 
established in a minute or two while at pressures 
above about 6 mm it was necessary to wait 
about 15 minutes. This proved to be a con- 
venient and accurate way of adding small 
amounts of foreign gases where large numbers of 
such additions were to be made. In the case of 
the addition of A or of Kr to He or to Ne, after 
the completion of a run, the gas was circulated 
for several hours through the charcoal and 
chabazite traps to remove the added gas. After 
it had been absorbed out the conductivity was 
compared with that observed before the addition 
of the foreign gas in order to ascertain that no 
unexpected contamination had occurred during 
the run. 

The conductivity or ion concentration was 
determined from the volt-ampere characteristics 
of the collectors. The potential difference across 
the collectors was varied in small steps by means 
of a potentiometer arrangement and the corre- 
sponding current between them read on a current 
galvanometer having an overall sensitivity of 
1.5 10-'° amp./mm. When plotted, these read- 
ings constitute the collector characteristic. 


RESULTS 


When the collecting disks are placed at right 
angles to the tube axis so that the space between 
them was shielded from the direct radiation, 
then, except at the lowest pressures (<0.25 mm 
Hg), no measurable current (<10~-" ampere) 
flowed between the guarded collectors. The total 
current (to collectors and guard rings), however, 
was the same as that previously observed 
between unguarded collectors.‘ Fig. 2 shows that 
when the collectors were turned so that the 
primary radiation illuminated the space between 
them, appreciable currents were obtained and 
the much larger total current was of the same 
order of magnitude as before. All of the data 
were taken therefore with the space between the 
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Fic. 2. Current to collectors as a function of potential 
difference between them. Collectors floating with respect 
to the discharge. I, current to guarded collector, parallel 
position; II, current to collector and guard rings, parallel 
position; III, current to collector and guard rings, perpen- 
dicular position. 


collectors irradiated by the primary beam. In 
no case were the collector surfaces exposed to 
the primary beams. All the characteristics of 
the guarded collectors are strictly linear through 
the voltage axis, and the slope at the voltage 
axis is taken as a measure of the conductivity of 
the gas. Figs. 3 to 5 inclusive show how this 
slope (in arbitrary units) varies with the pressure 
of the admixed gas. The variations are similar 
to those obtained with the unguarded collectors. 
For A added to Ne or to He the curve attains a 
maximum and then slowly decreases to a very 
low value. In agreement with Penning,’ it has 
been found that if the percentage of A is greater 
than about one percent the curve again rises slow- 
ly, indicating the entrance of primary effects due 
to the A in addition to its secondary destroying 
effects. Kr is similar to A in its effects but is less 
efficient than A in increasing the conductivity of 
He or Ne. It is also seen that while A and Kr 
both increase the conductivity of Ne and of He, 
Ne effectively decreases the conductivity of He. 
He added to Ne causes no measurable effect 
even with large admixtures. In the case of pure 
He and pure Ne the residual conductivity de- 
creases rapidly with increasing pressure and 
apparently reaches a constant limiting value at 
about 8 mm Hg. No further decrease was 
observed up to 14 mm pressure. 
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Fic. 3. Variation of the slope of the current voltage 
characteristic curve in neon with various argon admixtures. 
I, 2.6 mm Ne; II, 4.3 mm Ne; III, 7.0 mm Ne; IV, 11.5 
mm Ne. 


DISCUSSION 


These results lead to two conclusions: First, 
that the ions which give rise to the observed 
conductivity must be formed in the space 
between the collectors; and second, that any 
metastable atoms which may produce these ions 
must also be formed in this space. In these 
experiments the photoelectric effect of the direct 
radiation from the source must be very small as 
the glass shields protect the collector surfaces in 
any position. The inference is that the agency 
giving rise to the conductivity is produced in or 
near the primary beam and cannot diffuse far 
from it at the pressures used (2-12 mm). Only 
at pressures below about 0.1 mm was any appreci- 
able current collected when the collectors were 
perpendicular to the direct radiation. An acci- 
dental confirmation of these 
obtained when one of the glass shields cracked 


conclusions was 
in such a way as to leave a small opening 
behind the collecting electrode oriented so that 
no direct radiation could enter. Appreciable 
currents were then collected through the crack 
in the shield with the electrodes in the perpen- 
dicular position but were not collected after the 
shield had been replaced. Thus the surrounding 
gas must have been ionized. 

The curves of Fig. 2 exhibit the same general 
form although the total current is very much 
larger than could be accounted for by any 
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Fig. 5 


Fic. 4. Variation of the slope of the current voltage characteristic curve in helium with various argon 
admixtures. I, 1.4 mm He; II, 3.2 mm He; III, 5.7 mm He; IV, 8.5 mm He. 


Fic. 5. Variation of the slope of the current voltage characteristic curve in helium with various neon 
admixtures. I, 1.6 mm He; II, 2.2 mm He; III, 2.7 mm He; IV, 4.6 mm He. 


difference in area between the collecting surfaces 
in the two cases. This discrepancy must be due 
to edge effects and indicates that when an 
unguarded collector is placed in an ionized gas 
a considerable portion of the ion current observed 
is due to edge effects so that such a collector, 
even if shielded on one side, would exhibit little 
difference in current collected regardless of its 
orientation.” Hence scattered short mean free 
path resonance radiation probably plays no 
important role in such experiments. 

Further evidence for the existence of volume 
ionization arises from the fact that while at high 
pressures no current is collected by the guarded 
collectors in the perpendicular position, appreci- 
able currents may be measured below about 
0.25 mm. Moreover, the collector characteristics 
in He exhibit decided peaks at about 6 volts on 
either side of the voltage axis which become 
relatively more prominent as ionizable foreign 
gases are added. Penning’ first observed these 
and showed that they were probably due to ions 
diffusing in from the surrounding volume when 
the field between the collectors was so small 
that the ions were not trapped by the guard 
rings. 

It seems probable that the collector character- 
istics and the directional effect of the collectors 
as shown in Fig. 2 are mainly characteristic of 
the pure gas, as an apparent limiting value of 
conductivity was reached which could not be 


diminished by further purification or increase of 
gas pressure. Furthermore, this residual conduc- 
tivity was remarkably reproducible. If this is 
true, the residual conductivity is surprisingly 
large in view of the amount of ionization that 
has been ascribed to the several processes 
suggested by previous investigators to account 
for this conductivity. However, abnormally large 
wall reflections and photoelectric efficiencies have 
been reported by Kenty*® which might account 
for the ion concentrations (~ 10* cm~*) observed 
at these large distances from the source. 

These experiments show definitely that, in gas 
which may be reasonably termed pure, short 
mean free path scattered resonance radiation 
contributes negligibly to the observed conduc- 
tivity. Moreover, since while there is considerable 
volume ionization no ions are collected by a 
guarded collector except when it is adjacent to 
the primary beam from the source, the agencies 
giving rise to the observed conductivity must 
act in the path of the primary beam or, at most, 
only a few mean free paths from it. 


FOREIGN GASES 


The experimental results exhibit one out- 
standing regularity in that all of the foreign 
gases which effectively increase the conductivity 
of the gas to which they are added have ioniza- 


* Kenty, Phys. Rev. 44, 891 (1933). ‘ 
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tion potentials below the energy of excitation of 
the metastable states of the primary gas. Ne, 
the only gas to decrease the conductivity of He, 
is the only one whose ionization potential is 
higher than the energy of the He metastable 
states. This is also true of He when added to Ne. 
This confirms the conclusion that the conduc- 
tivity in the presence of a foreign gas arises 
largely from ionization of ionizable impurities 
by metastable atoms. It should be noted in this 
connection that both A and Kr exhibit similar 
behavior in Ne and in He. While He appears 
more sensitive to impurities than Ne and while 
A is more effective than Kr in increasing the 
conductivity of the Ne or the He to which it is 
added, the differences are not in order of magni- 
tude. 

One interesting effect which was observed is 
the decided maximum which the conductivity 
attains as larger admixtures of ionizable impurity 
are introduced. The maxima occur at larger and 
larger percentages of foreign gas as the pressure 
of the main gas is decreased, due probably to 
the relative decrease in the number of collisions 
of metastable atoms with the admixture. These 
maxima may be accounted for briefly as follows.* 
If, as in ordinary quenching experiments, the 
resonance radiation is constant in intensity then 
the curves rise to a saturation value and remain 
constant; for this saturation occurs when all the 
metastable atoms are being destroyed as fast as 
formed and further addition of the destroying 
agency has no effect. However, in these experi- 
ments two factors may operate to decrease the 
intensity of the radiation: (1) Direct excitation 
of the radiation by electron impact in the arcs 
may be influenced by the foreign gas; and (2) if 
the resonance radiation which finally reaches 
the vicinity of the collectors is absorbed and 
reemitted at least once on the way, the intensity 
of this scattered radiation would be affected by 
the presence of any agency which could destroy 
the excited atoms giving rise to it. The maximum 
is thus a point of balance where the forces 
acting to destroy the metastable atoms are equal 
to those forming them. 

Some interesting results have been obtained 
with Ne-He and He-Ne mixtures in which cases 
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ionizing collisions are not possible between the 
metastable atoms of the main gas and the foreign 
gas atoms. Addition of an extremely small amount 
of Ne to He causes a marked decrease in conduc- 
tivity which is difficult to explain if one attributes 
the action of the Ne to the weakening of the 
resonance lines of He which are excited entirely 
by direct electron impact. However, if one allows 
metastable He atoms largely to account for the 
conductivity in pure He’ then the results are 
easier to interpret as there is very close resonance 
between the metastable levels of He and a large 
number of excited states of Ne. This reaction 
therefore should have quite a high probability of 
occurrence in He containing a small amount of 
Ne. 

In the He-Ne mixtures the observed decrease 
is exceedingly small, being just detectable at 
about 30 percent He in the Ne. This should 
perhaps be expected in view of the fact that no 
collisions of the second kind can take place 
between excited Ne and neutral He because the 
excited states of He are all above the metastable 
levels of Ne. The slight decrease at the high 
percentages of He is probably due to considerable 
excitation by electron impact of the large number 
of He atoms present. 

Because of the difficulties inherent in the 
inclusion, as here, of the source and of the 
measuring device all in the same vessel and the 
same gas, these experiments are probably not 
sufficiently accurate for any significant evalua- 
tion of action cross sections. The various effects 
mentioned limit any valid analysis of the varia- 
tion of the conductivity with the foreign gas 
pressure to the range of very small admixtures. 
However, if one assumes the statistical processes 
occurring to be those discussed above, one can 
obtain a relation between conductivity and the 
pressure of the added foreign gas which fits the 
experimental results exceedingly well. The un- 
certainties in the interpretation of the collector 
characteristics and in the conceptions of the 
processes contributing to the conductivity do 
not justify a more detailed quantitative analysis 
of the experimental data. 


? Reichrudel and Spiwak, Phys. Rev. 42, 580 (1932); 
Ann. d. Physik 17, 65 (1933). 
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Theory of Electrical Double Layers in Adsorbed Films 


R. W. Gurney, University of Bristol, England 
(Received December 10, 1934) 


The nature of an absorbed layer is discussed in terms of 
quantum mechanics, and the factors governing the sign 
and magnitude of the electrical double-layer are deter- 
mined. Although the ionization potentials of Ca, Sr and 
Ba are greater than the electronic work function of 


tungsten, a sparse distribution of these atoms on a tungsten 
surface behaves in a way quite similar to atoms of alkali 
metals whose ionization potentials are much smaller. This 
behavior can be understood only in terms of quantum 
mechanics. 





$1. 


T is well recognized that quite a sparse dis- 
tribution of foreign atoms adsorbed onto a 
metal surface suffices to give rise to a strong 
electrical double-layer, which may be positive 
outwards or negative. outwards according to the 
nature of the adsorbed atoms. That atoms of the 
alkali metals K, Rb and Cs, should reduce the 
effective work function of tungsten in this way 
has always been regarded as in agreement with 
expectation. Their ionization potentials (4.3, 4.1 
and 3.85 e.v.) are smaller than the work function 
of tungsten (about 4.5 e.v.), and consequently, 
it is said, they will give up their valence electron 
to the metal, and the positive cores lying on the 
surface will give rise to an electrical double layer 
positive outwards. 

To invoke the fact that the ionization potential 
is less than the work function of the underlying 
crystal is, however, to set up an unsatisfactory 
criterion. For it is found that a sparse distribution 
of barium atoms behaves very like caesium. 
The work on calcium and strontium has not 
been published; but Dr. Becker has kindly 
written to me that the curves for these metals 
are similar to those of barium, i.e., they reduce 
the work function of tungsten, though to a 
smaller extent. Yet the first ionization potentials 
of these elements—6.09, 5.67 and 5.2 e.v.—are 
all greater than the work function of tungsten. 
According to the simple picture they should not 
give up their electrons to the metal. 


§2. 
In order to see whether the work function is 
raised or lowered, we wish to know the electron 


density at the surface of a metal A near a point 
where an atom of a foreign metal B is adsorbed. 


This information will be most easily obtained by 
first considering in detail the state of affairs 
when the atom B, or its core, is held at a distance 
of a few atomic diameters from the surface; 
later we shall consider what happens when this 
distance d from the surface is diminished. We 
need to know the potential energy of an electron 
along a line perpendicular to the surface of A and 
passing through the core of B. Curve a of Fig. 1 
shows this potential energy, using the Bloch 
model for the metal, and curve 6 using the 
simpler Sommerfeld model. In curve c the 
“potential box’’ provided by the core has been 
replaced by a rectangular potential box, which 
is useful for a preliminary treatment. For the 
sake of brevity, we shall proceed immediately to 
discuss this energy diagram by the methods 
which have recently been described in extenso 
by the author.' In the first place, if the box RS 
is deeper than PQ, and possesses an allowed 
level lying below the bottom of the box PQ, this 
level will remain discrete when the distance QR 
is diminished. Atoms with low-lying levels of this 
type will be discussed later. But each of the 
elements mentioned above has a valence level 
which will lie near the critical level of the metal: 
let the energy of this valence level be W,. If we 
insert the potential energy of Fig. 1 into the 
Schrédinger equation, and solve, we obtain a 
set of allowed levels which belong jointly to the 
metal and to the atom. Strictly speaking, the 
atom has as many allowed levels as the metal, 
namely, millions. Yet when an atom is not too 
near to the surface we usually regard it as having 
a valence level, which may be somewhat broad- 
ened by the presence of the neighboring solid; 





‘Gurney, Elementary Quantum Mechanics, Cambridge 
University Press, 1934. : 


479 





| 
fi 
t 
be 











ne WW. 


yw OY 
ay 


Fic. 1. Potential energy curves for an electron at the 
surface of a metal along a line passing through the core 
of an atom; curve a, for a Bloch model, curve }, for a 
Sommerfeld model, curve c, for a simplified rectangular 
potential box picture. 








and we are certainly right in doing so. It will be 
convenient to state here exactly what we mean 
by this conception. We mean that the solutions 
of the Schrédinger equation are such that for 
certain values of W on either side of W, the 
amplitude which the wave function has around 
the atomic core is large compared with the 
amplitude which it has inside the metal, while 
for all allowed energies more distant from W, 
their amplitude around the atomic core is smaller 
than in the metal by a factor e~**, where d is 
the distance from the metal surface, and & de- 
pends on the height of the potential barrier. 
When d is large, the factor e~*¢ is so small that 
we may regard the atom as having an almost 
sharp level of value W,. The blurred level has no 
sharp edges, and if the atomic core is brought 
nearer to the metal, the level becomes broadened, 
owing to the increase in the value of e~*¢. In 
Fig. 2 let ordinates be W, and let abcissae be 
the mean value of |y¥ |? around the atomic core 
when the latter is at a particular distance from 
the metal. Curve a shows the level when still 
fairly narrow, and curve 6 a broader band when 
the atomic core is nearer to the surface. When 
finally the atom is deposited on the surface, and 
the value of d is only one or two Angstroms, it is 
easily calculated*® that the value of e~*¢ is as 
large as 10 or more. Hence there are no longer 
near W, any values of W for which the amplitude 
of ¥ around the atomic core is much smaller or 
much larger than in the interior of the metal. 
Returning to curve a of Fig. 1, we recall that 
the free electrons in a metal move about freely 


* Reference 1, Chapter 3. 
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Fic. 2. Broadening of an energy level as the adsorbed 
atom approaches the metal surface. 

Fic. 3. Representation of the filling of an atomic band 
up to the Fermi level; a, for an element of low ionization 
potential, b, for an element of rather higher ionization 


potential. 


because the potential barriers between adjacent 
cores are transparent to the electrons. And we 
see now that, when the metallic atom B is 
adsorbed, the potential barrier between its core 
and the adjacent cores of the lattice is likewise 
transparent to the free electrons of the under- 
lying metal. In its interior this underlying metal 
is neutral in every part, not because a valence 
electron is resident in every atom, but because 
the moving electrons spend on the average as 
much time in each atom as is required to produce 
uniform neutrality. In the same way, when the 
atom B is adsorbed, there will not be an electron 
resident in the atom, nor will there be a vacant 
level. But in every 10" or 10" free 
electrons will approach this point of the boundary 
from within, and these will neutralize the positive 
core of B to a certain extent which we must now 


second 


discuss. 

The whole argument so far has dealt with the 
normalized wave functions appropriate to the 
potential energy of Fig. 1, without regard to 
the question as to whether they were occupied 
by electrons or not. When an atom of an element 
A is deposited on a crystal of A at ordinary low 
temperature, it is of course the critical Fermi 
level of the metal which determines which levels 
will be occupied, and which vacant. And we 
come now to the most important factor in the 
problem, namely, that when an atom of B is 
adsorbed onto a metal A, it is still the Fermi 
level of A which determines the extent to which 
the positive core of B is neutralized by valence 
electrons. The state of affairs may be visualized 
as in Figs. 3a and b. These represent the atomic 
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band filled with electrons up to a certain level 
(the Fermi level) (a) for an element B of low 
ionization potential, and (b) for an element of 
rather higher ionization potential. 


3. 

‘We have been dealing hitherto with the ad- 
sorption of atoms of any element B which has an 
ionization potential comparable with the work 
function of the metal A. There are, however, 
elements whose characteristic valence levels lie 
much lower, for example, oxygen with ionization 
potential 13.6 e.v., much greater than the work 
function of any metal. The adsorption of such an 
atom is somewhat different, because any level 
which falls below the valence band of the under- 
lying metal will remain a single discrete level. 
It will be a localized level, with the amplitude 
of y¥ falling off exponentially within the metal. 
It behaves like one of the x-ray levels which we 


“ 


have been able to disregard. 

It is a property of elements like oxygen, that 
an atom in vacuum is able to accommodate a 
supernumerary electron and to become a negative 
ion. The potential energy which an additional 
electron has in the field of the neutral atom is 
such as to give a stable quantized state with the 
electron bound. When the atom is isolated, this 
vacant level is sharply defined; if the atom is 
brought towards a metal surface the level will 
become broadened out into a band, exactly as in 
the case of a valence level. It will again be the 
critical level of the underlying metal which de- 
termines to what extent this band is invaded by 
electrons from the metal. This will give rise to a 
double layer negative outwards, since we have 
an already neutral atom playing the part which 
was formerly played by a positive core. It is 
found that the adsorption of oxygen raises the 
work function of tungsten from 4.5 to more than 
8 e.v. 

Only positive double layers have been studied 
in detail experimentally; we will accordingly de- 
velop the discussion of Fig. 2. If the band of the 
adsorbed atom lies mainly above the Fermi level 
of the metal, as in Fig. 3a, the positive core will 
be only slightly neutralized by the electron 
cloud. If the center of the band lies near the 
Fermi level, the band will be about half full. 
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One must not, however, conclude that the 
positive core is necessarily neutralized to a 
greater extent in the second case. For the 
valency of the adsorbed atom is also a de- 
termining factor. To neutralize the positive core 
of a monovalent atom it is only necessary that 
half the band be filled.* For a divalent atom, on 
the other hand, the whole band must be filled. 
If therefore the band of Fig. 3a is that of an 
adsorbed alkali atom, and that of Fig. 3b of a 
divalent atom, the contribution to the electrical 
double layer would be about the same, in spite 
of the fact that 1<@ for the former, and ]>@ 
for the latter. The remarkable similarity in the 
behavior of the alkalis and the alkaline earth 
metals on tungsten is thus to be expected. 


$4. 

In discussing the relation of the atomic band 
of B to the critical level of A, we have hitherto 
spoken as if for any two elements A and B 
there is a unique relation. There exists a unique 
relation so long as the number of adsorbed atoms 
is small. But it is found, for example, that when a 
tungsten surface is only one-tenth covered with 
caesium atoms, the electronic work function is 
already reduced by 0.8 e.v. This drop of potential 
takes place at the metal surface, as may easily 
be established by drawing the equipotential lines 
which run parallel to the surface between the 
adsorbed charges and their electrical images in 
the metal. The potential energy curve of Fig. 1 
is of course modified, and the wave function for 
any energy W is no longer the same as before. 
In a positive layer the atomic band is shifted 
downward relative to the critical level of the 
metal, and consequently is invaded to a greater 
extent by electrons from the metal. When many 
atoms are present each atom makes a smaller 
contribution to the double layer than when few 
are present. When fresh atoms are deposited, 
each atom makes a positive contribution to the 
layer, but the growth of the potential drop 
diminishes the contribution being made by every 
atom already present. The strength of the double 
layer therefore does not grow linearly with the 
number of atoms deposited* Clearly we may 

Gurney, reference 1, Chapter 8 


‘ Becker, Trans. Faraday Soc. 28, 151 (1932); Taylor 
and Langmuir, Phys. Rev. 44, 437 (1933). ° 
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even comé to a stage in which the positive con- 
tribution by the added atom is almost wholly 
counterbalanced by the small diminution which 
it automatically causes in the contributions of 
the very large number of atoms already present 
in the film. It is, in fact, found that in the case 
of both caesium and barium the strength of 
the double layer passes through a maximum 
value. 

An isolated atomic particle in vacuum must 
be exactly electrically neutral, or else must bear 
a charge +e where n is an integer. This is not 
true of an atom forming part of a polar molecule. 
And the essential basis of the above discussion is 
that there is no reason why this should be true 
of atoms adsorbed onto a metal surface. Recent 
experimental work has, however, -been inter- 
preted in terms of the separate existence of ions 
and neutral atoms on the surface. When the 
author criticized this interpretation at a meeting 
of the Faraday Society, Dr. Becker in his pub- 
lished reply wrote, 

The chief reason for believing that some adsorbed par- 
ticles are completely ionized is the experimental fact that 
when caesium is evaporated from a hot tungsten surface 
sparsely covered with caesium, practically every particle 
comes off as an ion. Now, if the forces on the caesium 
adsorbed on the tungsten surface are not sufficient to com- 
pletely ionize some of the caesium, one would not expect 
these forces to be sufficient to ionize the caesium when it 
is further from the surface and escaping from it. Conse- 
quently no caesium should evaporate as ions unless it is 
adsorbed on the sutface as an ion. 


More recent work has been interpreted in the 
same way. 

To clear up this question one must consider 
what happens when any metal atom tries to 


§ Evans, Proc. Roy. Soc. A145, 135 (1934); Proc. Camb. 
Phil. Soc. 29, 161 (1933). 
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escape from the surface. The process pictured in 
Fig. 2 takes place in the reverse direction; the 
broad band of levels closes up into a narrow band, 
and tends to the discrete characteristic valency 
level of the atom in vacuum. This level may be 
above or below the Fermi critical level of the 
metal, depending on the ionization potential of 
the element considered and the effective work 
function of the metal modified by any double 
layer there may be present. Whether the particle 
escapes as an ion or a neutral atom depends 
entirely on what level in the metal happens at 
the moment to be opposite to the characteristic 
level of the atom. The motion of electrons being 
some thousand times more rapid than the 
thermal velocity of an ion, there is plenty of time 
for an electron to pass through the potential 
barrier of Fig. la while the atomic core is in the 
act of leaving the surface. In the case of caesium 
(ionization potential 3.85 e.v.) on sparsely 
covered tungsten (effective work function more 
than 4 e.v.) the characteristic level finds itself 
opposite an almost unoccupied level in the metal. 
The electron is accordingly almost always left 
behind in the metal. For progressively thicker 
films of caesium, the valency level of the escaping 
caesium becomes progressively lowered towards 
and beyond the Fermi critical level of the metal. 
We should therefore expect the proportion of 
caesium escaping as ions to be diminished, the 
fraction following exactly the Fermi population 
of the metallic levels at the temperature of the 
experiment. A double-layer of strength 0.7 volt 
should suffice to make the number of atoms and 
ions escaping of the same order of magnitude, 
since the work function of pure tungsten is about 
4.5 volts; this is found to be the case. 
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Ionization of Inert Gases by Positive Alkali Ions 


RoBert N. VARNEY, University of California, Berkeley 
(Received February 4, 1935) 


The ionization potentials of the noble gases under 
impact of various positive alkali ions have been determined 
in a new and independent manner which employs the 
neutralization of an electron space-charge by the newly 
formed positive ions to show the ionization. The method 
is extremely sensitive to the positive ions but is not 
affected by the secondary electrons which are liberated 
from the walls. The potentials found are different for each 
combination of gas and alkali ion and range in value from 
5 to 20 times the electron ionization potentials. They are 
lower, by amounts running as high as 45 volts in some 


cases, than those found by Beeck and Mouzon. No ion- 
ization was observed by Li* ions, none by Na* ions 
except in Ne gas, or in Ne gas by any ions but Na’. 
When the actual energies available for ionization, after 
conservation of energy and momentum have been taken 
into account, are calculated, the results are strikingly 
self-consistent, whereas the unreduced results are not at 
all so. Certain results published by Beeck and Mouzon, 
but which could not be checked by the author, fail to 
show this self-consistency. 





HE ionization which results when positive 

ions strike atoms of various gases has 
occasioned surprise, on the one hand because the 
ionizing potentials were so low when compared 
with those for H* and He** collisions, and on the 
other hand because the same potentials were so 
high when compared with electron ionization 
potentials. The argument on the question of 
whether ions need energies of 10,000 volts or 
more to ionize by collision or whether they 
needed only a few times the electron ionization 
potential of the target atom was settled by 
Loeb! in 1927 when he pointed out the existence 
of a distinct and different mechanism for ioniza- 
tion by fast ions and by slow ions. It was pointed 
out that the relatively slow ions might depend on 
some quantum-mechanical process of interaction 
to ionize by collision in which the ion and the 
atom formed a molecule for an instant which had 
an unstable electron when the ion had sufficient 
energy. This process has been discussed by 
Weizel and Beeck? in the light of subsequent 
experiments. 

To investigate these low ionization potentials, 
Sutton,? Beeck,* Mouzon® and others undertook 
careful investigations of the ionization which 
occurred when noble gases were bombarded by 
low energy alkali ions. They found that the 
efficiency of ionization varied considerably with 


1 Loeb, Science 66, 627 (1927). 

? Weizel and Beeck, Zeits. f. Physik 76, 250 (1932). 
Sutton, Phys. Rev. 32, 364 (1929). 

* Beeck, Ann. d. Physik (5) 6, 1001 (1930). 

’ Mouzon, Phys. Rev. 35, 695 (1930). 


various combinations of gases and ions and that 
the greatest efficiency resulted in general when 
the ion and gas had the most nearly equal atomic 
weights. Careful investigation of the actual 
ionization potentials, or minimum speeds neces- 
sary for ionization, was completed in 1932 by 
Beeck and Mouzon,’ and showed that the 
potentials ranged in fact from 6 to 20 times the 
electron ionizing potentials. 

The method used to determine the minimum 
ionizing speeds depended on observing the elec- 
trons which were detached from the neutral gas 
atoms. This method has two serious disad- 
vantages. The first is that the ionization process 
is inefficient enough to require measuring instru- 
ments of the highest possible sensitivity to detect 
the few ionization electrons. The second disad- 
vantage is that having the instruments of 
necessary sensitivity, it becomes increasingly 
difficult to avoid measuring the spurious second- 
ary electrons which are liberated from the walls 
of the apparatus by radiation, positive ion 
impact and metastable atom impact. 

To eliminate both these difficulties at once, to 
provide independent checks of the previous 
results and to investigate whether ionization 
could be found at energies more nearly equal to 
the electron ionization potentials, the method of 
Lawrence and Edlefsen’ for detecting photo- 
ionization in vapors was adapted to the problem 
of positive ion ionization. This method is highly 


® Beeck and Mouzon, Ann, d. Physik (5) 11, 737, 858 
(1931). 
7 Lawrence and Edlefsen, Phys. Rev. 34, 233° (1929) 
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Fic. 1. Diagram of the apparatus showing connections. 


























sensitive to positive ions and is quite insensitive 
to electrons, primary or secondary. 

Two hollow, monel metal cylinders, 19 by 20 
mm, are mounted with a filament of 5 mil 
tungsten wire running axially down the center of 
each. (See Fig. 1.) The ends of the cylinders are 
closed except for small holes through which the 
filament connections project and except for a hole 
through which positive ions may enter one 
cylinder. A small potential of one or two volts is 
applied between the cylinders and filaments. 
When the filaments are heated, a space-charge 
limited current of electrons flows between the 
filaments and the cylinders. This electronic 
current is extremely sensitive to positive ions in 
the space-charge region. Since the positive ions 
remain in the region 30,000 to 40,000 times as 
long as the electrons, each ion is effective in 
neutralizing the space-charge of 30,000 to 40,000 
electrons. 

Since a space-charge limited electron current is 
already flowing in the cylinder, further electrons 
liberated by positive ions in any manner can have 
no effect on the electron current. In addition, if 
they could have an effect, it would only be about 
10~* times that of the positive ions. The measur- 
ing of the electron current thus provides an excel- 
lent means of observing any ionization that may 
be produced. 

Two filament-cylinder units are used instead of 
one in order to provide means of eliminating 
small fluctuations in the electron current which 
would interfere with the measurements. Instead 
of connecting the two filaments in series as 
Lawrence and Edlefsen did, they were connected 
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in parallel. This is more satisfactory for the 
following reason: Aside from geometrical factors, 
the space-charge limited current depends only on 
the voltage, 7=kV'. A fluctuation in voltage dV 
would cause a corresponding change in current 
dI=3/2kV'dV. If the geometrical factor k is the 
same for both cylinders, dJ will only be the same 
in both if V is the same in both (dV will be the 
same for either series or parallel connection). 
Because of the voltage drop down the filament, V 
will not be the same in both cylinders if the 
filaments are in series, but will be if they are in 
parallel. 

Similarly to Lawrence and Edlefsen’s method, 
the two space-charge units are connected as two 
arms of a Wheatstone bridge circuit; two variable 
resistances, about 10,000 ohms each, are used for 
the other two arms, and a galvanometer of 
sensitivity 9X10-" amp./mm is used for the 
bridge. 

The positive alkali ions are projected directly 
into one of the cylinders. The other cylinder is 
shielded from the ion beam, and so all fluctuations 
in electron current except those due to the 
positive ions and the ions they form are balanced 
out. The ions are obtained directly from a heated 
platinum filament coated with a Kunsman 
catalyst* containing the salt of the alkali ion 
desired. The ions are accelerated in two stages 
through a slit system and then enter the detector. 
The whole tube is filled with the gas to be ionized 
at a suitable pressure to insure that ionizing 
collisions will occur in the cylinder. This pressure 
ranges from 4X10-* mm to 1.5X10-* mm Hg. 
The average distance traveled by the alkali ions 
is about 5 cm. The ions of the beam affect the 
detector, as is to be expected, but above 10 volts 
energy, this effect becomes quite independent of 
speed. It can thus be eliminated by changing the 
resistances to bring the bridge back to balance. 

As the accelerating voltage applied to the 
beam is raised, the galvanometer deflection is 
observed to remain constant or nearly so until a 
critical value of the voltage is reached. Above 
this voltage the galvanometer deflection increases 
linearly with the voltage (see Fig. 2). This critical 
voltage where ionization begins was determined 
for each of the 5 alkali ions in each of the 5 noble 





® Kunsman, Science 62, 269 (1925). 








he 
rs, 
on 
IV 








IONIZATION BY 


view f 
{ 


or Pw 


ie 








50 FO 90 WO 80 & Vehs 


Fic. 2. Plot of galvanometer deflection in cm against alkali 
ion speed in volts. 


gases (He, Ne, A, Kr, Xe). The potentials in 
volts at which ionization begins in each case are 
given in Table I. 

These results have all been carefully checked. 
The unknown errors in speed of the ions do not 
exceed +3 volts. Further errors which may exist 
must tend to give lower rather than higher 
values, for while it is possible that the ions do not 
gain the full energy of the applied field, it is quite 
impossible for them to be moving with greater 
energies than are actually applied to the tube. 

The neon, krypton and xenon gases were 
purchased from the producers as 100 percent 
pure, and no further attempts at purification 
were made. The argon and helium were drawn 
from commercial tanks, and though they showed 
no spectroscopic traces of impurities, they were 
passed over hot copper to remove oxygen and 
over tubes of calcium chloride, phosphorus 
pentoxide, and potassium hydroxide to remove 
water and carbon dioxide. Further, the argon was 
treated in a calcium arc and the helium was run 
through a double, liquid-air cooled charcoal trap. 


TABLE I. 


Ne A Kr Xe 
Li 307 100 420? 250 
Na* 175 105 400? 360? 
130 = oat ws 
Kt 320 95 80 120 
- 82 69 114 
Rb* 423 180 100 145 
— 135 974 150 
Cs* 437 365 243 105 
- 338 200 77 








Italics, Beeck and Mouzon results. 
Ordinary figures, Varney results. 
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Before taking readings the tube was thoroughly 
baked out at about 400°C, the test of the 
thoroughness being that when the tube was cut 
off from the pumps with less than 10-* mm Hg 
pressure, the pressure would not show any signs 
of starting up when all the filaments were heated 
to their maximum temperatures for half an hour. 
The time necessary for a complete set of readings 
with one ion source in one gas did not exceed this 
period. The pressure was measured on a large 
McLeod gauge. A liquid-air trap was connected 
to the tube at all times when readings were taken 
to remove Hg vapor and any last traces of water 
or grease vapors which might be present. 

All the catalysts emitted only the ion desired 
with the exception of the Rb* source and the 
spodumene Lit source. The Rb* showed all the 
other alkali ions, and all the curves using the Rb* 
source had two or three break points correspond- 
ing to ionization by the “‘impurity”’ ions as well as 
the Rb* ions (see Fig. 3). Because of the great 
efficiency of K* in A and Kr, and of Cs* in Xe, 
the effect of one or another of these impurities 
was almost as great as the effect of the Rb*. The 
voltage obtained as the ionization potential for 
any ion in a gas was of course the same whether 
the ion came directly from a pure source or as an 
impurity in some other source. The only possible 
doubt of the possibility of interference of an 
impurity with the results on the ion desired is 
that the values for Rb* in Kr and in Xe seem a 
little high. The spodumene used as a Li* source 
showed considerable quantities of K* which 
interfered with the use of the source in anything 
but He and Ne. No ionization was observed with 
the Lit nor with Na* in any gas except Ne. 
Likewise, no ionization was observed in He or in 
Ne (except for Na* in Ne). He, Ne and CH, were 
also tried with several ion sources (Na, K, Rb, 
Cs) and although ionization by Nat and K* was 
originally reported in Ne,’ the results could not be 
repeated, even under conditions of greater 
sensitivity, so it was necessary to conclude that it 
did not occur at all. It is possible that since the 
degassing of the tube was not so carefully done at 
first, traces of argon from previous readings gave 
wrong results. No ionization was observed at all 
in the other two gases. 

It is believed that the sensitivity of the 





~ * Varney, Phys. Rev. 46, 235 (1934). : 
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Fic. 3. Plot of galvanometer deflection in cm against 
alkali ion speed in volts when the Rb* ion catalyst contain- 
ing impurities was used in Xe gas. 


apparatus was sufficient to enable less ionization 
to be observed than Beeck and Mouzon reported, 
but this point is hard to establish because it is 
only possible to make qualitative comparisons of 
relative ionizing efficiencies. 

When energy and momentum are conserved in 
an inelastic collision of the type above, it can 
easily be shown that only a fraction of the energy 
of the incident ion is available for changing the 
internal energies. This fraction has a maximum 
value for direct impact and is equal to m,E/ 
(m;-+-m,), where m, is the mass of the gas atom, 
m; is the mass of the alkali ion and £ is the 
incident energy of the alkali ion. When this 
factor is applied to the results, they assume a 
much more significant form. (Table IT.) 

Attention is called to the following features of 
Table II. First, in certain cases, the same 
electronic configuration is involved in two 
different collisions. For example, K+ and A are 
identical in structure except for a difference of 
one proton in the nucleus, and the same is true 
for Rb* and Kr. Consequently, collisions of Rb* 
and A involve the same electron structures as K+ 
in Kr, the only difference lying in which is the 
colliding ion and which is the atom ionized. 
Similarly, Cs* ions in A and K* in Xe involve 
collisions of identical groups of electrons, and 
likewise Cs* ions in Kr, and Rb* in Xe. Now the 
table of reduced results shows corresponding 











TABLE II. 
Ne A Kr Xe 
Na* 61 
Kt 41 47 83 
Rb* 43 48 904 
Cs* 78 77 38 























TABLE III. 
Reduced Unreduced 
Rb* in A 43 135 
K* in Kr 47 69 
Difference — 4 66 
Cstin A 78 338 
K* in Xe 83 114 
Difference — § 224 
Cs* in Kr 77 200 
Rb* in Xe 904 150 
Difference —13} 50 





similarities in ionization potentials which do 
not appear in the unreduced results. (Table ITI.) 
This improvement in correlation of results in 
corresponding cases is decidedly striking. 

The second feature of the reduced table is that 
with the exception of Rb* in Kr the voltages 
along the main diagonal of the table are less than 
any other values in the same row and column. 
(The deviation in the case of Rb* in Kr is, 
however, within the probable error claimed. for 
the results.) This fits in with the expectation that 
the lowest potentials should be obtained for the 
ions most nearly alike in electronic configuration. 
Previous attempts to correlate results showed K* 
in Kr much lower than either K* in A or Rb* in 
Kr and by amounts well beyond the experimental 
error. 

The results obtained in this experiment are 
with a single exception (Rb* in Xe) lower than 
those obtained by Beeck and Mouzon. The 
maximum difference amounts to 45 volts in a few 
cases. The results are, however, substantially in 
agreement with those obtained by Beeck and 
Mouzon. Nordmeyer"® has obtained 75 volts for 
K* in A by using a method similar in principle 
but not in detail to that of Beeck and Mouzon. 
(Beeck had 95 volts, the author had 82 volts for 
K* in A.) 

The greatest disagreement is in the results with 
Lit and Na* ions and in Ne gas. With the 
exception of Nat in Ne, no ionization has been 
observed by the space-charge method in these 
cases. The application of the reduction factor 
given above to the results in these cases obtained 
by Beeck and Mouzon are given in Table IV. 





10 Nordmeyer, Ann. d. Physik (5) 16, 706 (1933). 
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TABLE IV. 
Ne A Kr Xe 
Li* 228 85 385 237 
Na* 82 67 314 306 
K* 109 
, 81 
Cs” 58 








Correlation similar to that found in other cases 
does not appear here. 

K*tin Ne 109 Rhbtin Ne 81 Cs*in Ne 58 
Natin A 67 Natin Kr 314 Natin Xe 306 


Difference 42 — 233 — 248 


The potentials do not even drop off uniformly in 
one direction as might be anticipated. The 
difficulties of avoiding secondary electrons be- 
comes increasingly great with ions of higher 
speeds, and this interference of secondaries may 
possibly explain the results of Beeck and 
Mouzon. It is to be noted that the ionization 
potentials they observed are in most cases up in 
the range of 300 to 400 volts. Oliphant" and 


" Oliphant, Proc. Roy. Soc. A127, 373 (1930). 
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others have shown that the emission of secondary 
electrons when positive ions strike metal surfaces 
increases strongly with increasing energy. Nord- 
meyer’® has also discussed in detail the strong 
likelihood of certain disagreements between his 
results and Beeck’s being due to secondary 
electrons. 

Finally; it may be pointed out that the 
investigation was carried out on the ionization at 
energies from 5 volts up. Although the behavior 
of the ion detector is difficult to analyze when 
such slow ions are used in the beam, it was 
concluded that no ionization occurred at energies 
below those given in the table of results. 

The writer is particularly indebted to Professor 
L. B. Loeb and Professor E. O. Lawrence who 
suggested the application of the space-charge 
method to this problem, and to the helpful 
direction of Professor Loeb. Doctor C. H. 
Kunsman, Chief of the Fertilizer Investigations 
of the U. S. Bureau of Chemistry and Soils, very 
kindly furnished the catalysts used as ion sources. 
The writer is also indebted to Doctor O. Beeck 
for numerous discussions of the problem. 
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The Rotational Energy of Polyatomic Molecules 


J. H. Van Vieck, Harvard University 
(Received February 5, 1935) 


It is shown that the quantized energy of a polyatomic molecule is approximately separable 
into the internal electronic and vibrational energy plus the rotational energy with the latter 
determined by solving the conventional problem of the rigid asymmetrical top. Because of 
the large oscillating terms in the Hamiltonian function due to interaction between vibration 
and rotation, this conclusion is not as obvious as it sounds, and seemed, if anything, to be 
contradicted by Eckart’s recent investigation on the choice of a reference frame. The dis- 
crepancy, however, disappears when a second order perturbation calculation is made with 


Eckart's coordinates. 


T has commonly been supposed in the litera- 

ture that the rotational energy of a poly- 
atomic molecule is very approximately the same 
as that of a rigid body with three unequal 
moments of inertia J;, Js, Js. In other words, it 
is assumed that the total energy can be obtained 
by computing first the internal electronic and 


the vibrational energy, and then adding an 
eigenvalue of the ‘‘asymmetrical top’’ problem, 
whose Hamiltonian function is 


Hr = > in, 2, 3(P;—¢,)?/2];, (1) 


where P,, P:, P; are the components of total 
angular momentum relative to the three principal 
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axes. In order to cover the most general case, 
we have here assumed that the mean angular 
momentum connected with the nuclear vibra- 
tions does not necessarily vanish, but instead 
may have components {), {», {2 relative to the 
principal axes. In this event one must subtract 
the vibrational from the total angular momentum 
to obtain the purely rotational angular mo- 
mentum, whose squares enter in (1). The ¢; 
terms arise only if there is degeneracy, i.e., if 
several normal vibrations coincide in frequency. 
The possibility of such terms was first suggested 
by Kramers and Pauli,’ and they have recently 
been employed by Teller and Tisza* and by 
Dennison and Johnston’ in analyzing the spectra 
of symmetrical molecules. The case ¢;#0 corre- 
sponds not to the ordinary or true asymmetrical 
top, but rather to a gyroscopic one with flywheels 
mounted thereon. We wish to stress that our 
primary interest is in the coefficients of P,’, P,’, 
P in (1), not in the ¢ terms, and we hope that 
the reader will not be unduly distracted by 
their inclusion. 

The legitimacy of using (1) has recently been 
questioned .by Eckart.* Although the first re- 
action of one’s physical intuition is in favor of 
(1), closer examination (see below) shows that 
the interaction of rotation and vibration yields 
oscillatory terms in the Hamiltonian function 
which are of a larger order of magnitude than 
those due to rotation alone, so that conceivably 
the rotation-vibration coupling might make the 
energy structure different from that given by (1). 
In fact by devising a very ingeneous coordinate 
scheme, Eckart derives a Hamiltonian function 
which suggests that the coefficient of P,? is more 
nearly equal to J;/2(Jis:—Jis2)? than to the 
conventional value 1/2/,. The same anomalous 
coefficients of P;*, P,’, P;? also appear in a 
rotational wave equation given by Hirschfelder 
and Wigner.® As the main result of the present 
paper, we shall prove that the anomalies are 


1 Kramers and Pauli, Zeits. f. Physik 13, 343 (1923). 

* Teller and Tisza, Zeits. f. Physik 73, 791 (1932); also 
especially the article by Teller in Hand- und Jahrbuch der 
Chemischen Physik, band 9, p. 151 ff. 

3D. M. Dennison and M. Johnston, Phys. Rev. 47, 93 
(1935). 

*C, Eckart, Phys. Rev. 46, 383 (1934). 

§ J. O. Hirschfelder and E. Wigner, Proc. Nat. Acad. Sci., 
Feb. 1935. I am indebted to these writers for sending me 
the manuscript in advance of publication. 
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illusory,* and disappear when the perturbation 
calculations with either the Eckart or H—-W 
Hamiltonian function are pushed through to the 
proper approximation. Thus the final outcome 
is to restore the conventional form (1). 

A simple two-dimensional example. Before we 
proceed to the general proof for the actual, three- 
dimensional case, the nature and solution of the 
paradox will be clearer if we first treat by way of 
illustration a hypothetical two-dimensional sys- 
tem, consisting of a set of m particles subject to 
forces exerted by each other and by a fixed 
attracting center. These forces are to be of such 
character that all particles can have equilibrium 
positions.’ The general motion can be approxi- 
mately described as harmonic vibrations about 
equilibrium superposed on a rigid rotation of the 
equilibrium configuration about the center of 
attraction. If r,, g, be the polar coordinates of a 
typical particle, the Lagrangian function is 


n 
L=3>o mi (FP +ri2gn?) — Vir, «> 
k=1 


“la, ¢2— 1, 


*[ must by all means mention that in his dissertation, 
Groningen 1931, p. 103 ff., H. B. G. Casimir derives Eq. (1) 
for a model consisting of a single heavy particle oscillating 
about an equilibrium position on a rotating rigid frame 
whose mass is not negligible. This model is doubtless a 
sufficiently close approximation to the behavior of a real 
molecule to make it reasonably clear that (1) is the correct 
result. Further, in a letter to Professor Eckart, of which the 
writer learned after the present calculation was made, 
Casimir sketches a method whereby (1) can be derived 
with Eckart’s coordinates and without the restriction to the 
“special model.’ Casimir’s procedure differs from mine in 
using a contact transformation rather than second order 
perturbation theory. For instance, an alteration in the 
definition of the canonical momenta corresponding to the 
transformation 


voy exp [(—2rt/h)EixiPiEi/2D¢] 


in the wave function eliminates the troublesome linear terms 
from Eckart’s Hamiltonian function in the case ¢;=0. 
The meaning of the notation is explained after our Eq. (17). 

The difference between Casimir’s method and mive is 
mainly superficial. The utilization of the contact transfor- 
mation is the more elegant procedure, while perturbation 
theory is more explicit in showing how orders of magnitude 
enter in removal of the Eckart paradox, and seems to be 
easier to apply to unsymmetrical coordinate systems, as in 
our two-dimensional example. 

7 In the interest of simplicity we assume that the mean 
electronic angular momentum is zero, or, more generally, 
we do not include the interaction between rotation and the 
instantaneous electronic motion. Standard methods are 
available for handling this interaction (cf., for instance, 
Kronig, Band Spectra and Molecular Structure, Chaps. I, II) 
and so it need not be considered here. 
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with the understanding that the potential energy 
V has a sharp minimum at the equilibrium 
configuration 


gn’ — gr’. (2) 


— ) 
Te=Te, Cr-¢1 


At the same time that we pass to the Hamiltonian 
form, it will be convenient to introduce in place 
of ge, -**, gn a set of relative angular coordinates 
Y¥e=¢e—¢1 (R=2, ---f) whose apse line is the 
radius vector to the first particle. One readily 
finds that 


1 ! pi? 
H=—pr+Z—(pr'+—) 


2m, 2m, r,” 
I . > 
+ (P—> pi)? +V, (3) 
2mir;" 
where 
Pre = M171, Pyr= Mire, pe=miri*(yit ei), (4) 


P=myr2¢1+ DD mieri?®(¥et+ ¢i)- (5) 


Here and elsewhere, to simplify printing, we 
write p, for p,,, and it is to be understood that 
all sums over k whose limits are unspecified are 
to extend from k=2 to k=n, with exclusion of 
k=1. The total angular momentum of the system 
is P, and is a constant of the motion since P is 
canonically conjugate to a cyclic coordinate ¢. 
Our calculation can be regarded equally well as 
a classical or quantum-mechanical one. In the 
quantum version, expressions such as px, yx, P, 
¢1, etc., are, of course, to be regarded as matrices, 
and the average values denoted by bars are the 
diagonal matrix elements. 

Let us imagine that we have found a solution 
of the dynamical problem (3) such that all the 
coordinates, including ¢;, are periodic functions 
of the time (i.e., in quantum mechanics are 
matrices of the simple Heisenberg type, with 
time factors e***""*"°*), Such a solution represents 
a motion devoid of mass rotation, since by 
hypothesis ¢; contains no linear term in ¢. Let 
¢ be the value of the expression (5) for this 
solution. The quantity ¢ can be termed the 
vibrational angular momentum, since it exists 
because instantaneously r.~r,°. If we could 
replace r,2 by r,”, the expression (5) would 
vanish for the type of solution under considera- 
tion, since it has y,= ¢:=0. Such a replacement 
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is not in general allowable, because mileye is 
not necessarily the same as mi? i2y«. 

We now use perturbation theory to treat the 
general rotational case where ¢;~0 and so P#¢. 
This is done by replacing P by {+ and making 
the perturbation calculation as a series develop- 
ment in the parameter \. Actually, P can only 
have the quantized values mh/2x in wave 
mechanics, and so is not an arbitrary number, 
but this difficulty may be circumvented by 
solving a hypothetical perturbation problem in 
which \ is arbitrary, and then substituting the 
proper quantized value of \ at the end.* This 
procedure is allowable since it is only when the 
last degree of freedom is introduced that P has 
any physical significance, and P plays only a 
parametric role for the reduced problem of n—1 
degrees of freedom obtained by ignoring ¢). 

The unperturbed Hamiltonian function is thus 
obtained by taking P=f¢ in (3) and represents 
irrotational motion. The perturbing potential is 


[ACS — Lope) +47 )/mirs’, (6) 


as this is the difference between the values of 
(3) with P=¢+, and of (3) with P=¢. The 
effect of the first term of (6) vanishes in the 
lowest approximation, since by (4) and (5) with’ 
P= 

(S— Do pe)/mirs? = ¢1, (7) 


and since by hypothesis the mean value of ¢ 
taken over the unperturbed motion is zero. The 
coefficient of \* in (6), or what is the same, of 
P? in (3), does not have the value 1/2J which is 
characteristic of the rigid rotator. This is the 
Eckart paradox when specialized to our two- 
dimensional system. There is, however, the 
difference that in our two-dimensional example, 
the anomalous coefficient 1/2mr,;* cannot possi- 
bly, on symmetry grounds, be the right coefhcient 
of \? in the final expression for the energy, since 
the first particle surely cannot be preferred 
abeve all others. On the other hand, the anoma- 
lous coefficient yielded by Eckart’s three- 
dimensional coordinate system is symmetrical in 


*In particular, the unperturbed motion \=0 need not 
be a quantized one as far as P is concerned, since ¢ need 
not be an eigenvalue of P, although of course it is in the 
commonest case [=0 

*In using (5) one can take P=¢ since the unpert urbed 


motion has \=0. 
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all particles, and so presents a much more 
recondite problem. 

The answer to the paradox is that even though 
the linear term of (6) in \ does vanish on the 
average, its root mean square is of a larger order 
of magnitude than the part of (6) which is 
quadratic in A. Hence, as mentioned to the 
writer by Professor Eckart, it is necessary to 
make a perturbation calculation which includes 
the second rather than just the first order effect 
of the linear term. For brevity, call the two 
parts of (6) ad and 8)’, respectively. One way of 
seeing that the root mean square of ad is larger 
than §d* is by actual performance of the per- 
turbation calculation, as it will turn out that the 
second order effect of ad is comparable in 
magnitude with the first order effect of S*. 
Another way is by explicit dimensional exami- 
nation, which shows that the orders of the 
unperturbed vibrational energy, of the r.m.s. of 
ad and of 8? are, respectively, hv, hyx, and hyx*, 
where » is a typical vibrational frequency, and x 
is of the order of magnitude [(y,—~.°)?/4x? }!. 
As long as we are dealing with small vibrations, 
x is clearly a small quantity. For an actual 
molecular system it can be shown of the order of 
the fourth root of the ratio of electronic to 
nuclear mass.'° 

One must be careful to distinguish between 
two things, viz., the coefficient of *=(P—f)* in 
the original perturbing potential (6), and the 
coefficient of \* in the finally computed energy 
constant W. The two are, of course, not neces- 
sarily the same, and their difference is the cause 
of the Eckart paradox. 

We now proceed to the requisite perturbation 
calculation, which we shall make in quantum- 
mechanical form. By standard formulas, the 
perturbed energy is 


W = Wot (A?/m,*r.") F(S — Spe; $— Lp) 
+(A*/2miri™). (8) 


Here, in accord with previous remarks, we have 
included the second and first order effects of ad 
and #\*, respectively. We find it convenient to 
usefin many places the abbreviation, 

u(n; n’)w(n'; n) 


F(u; w) =D win’ ny x (9) 
hv(n;n’) 





Born and Oppenheimer, Ann. d. Physik 84, 457 (1927). 
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wherein u(m;mn') designates a typical matrix 
element of a quantity u, with m and n’ symbol- 
izing the totality of vibrational quantum num- 
bers for the initial and final states, respectively. 
In virtue of (7) and (5), with P= ¢,° we have 


f—Lpe=mini™(S— Comer” y)/I, (10) 


where 


T=myr,"°+>omr,”. (11) 


In writing (8), (10) and (11) we have replaced 
rx by rx°, which, unlike r, itself, is a c-number 
independent of vibrational structure. This ap- 
proximation is a great simplification, and is 
allowable because we have already reached the 
second order stage, making the corresponding 
error third order. A corresponding approximation 
was not permissible in earlier stages of the 
calculation; in fact we saw that it was the 
difference between r, and r," which made ¢+0. 
By using (10) we find 


F(g¢— Spe; $-—Xpx) 
=mr,"I-"F(—> px; — > mir.” yx), (12) 


inasmuch as r,° is a constant which can be taken 
outside the summation in (9). It has been 
allowable to omit ¢ as an argument of F since ¢ 
is also a constant or c-number, and so does not 
contribute to a sum such as (9) in which diagonal 
members n’=n are excluded. The advantage of 
manipulating results into the form (12) is that 
now the sum in (9) can readily be evaluated 
with the aid of the quantum conditions 

Pevi— Vibe = (h/2ri)b,', (13) 
which are valid since 72, ---7Yn, Peo, *** Pa can be 
regarded as a set of multiply periodic canonical 
coordinates for the unperturbed problem ob- 
tained by taking P=f¢ in (3). Furthermore, 
because the matrix elements all relate to the 
Heisenberg system of representation, the time 
factor is e** "i" and consequently 


y(n; n’) =2riv(n; n')y(n; n’). (14) 


Eqs. (14) and (9) show that the diagonal ele- 
ments of (13) can be written as 


— F( pe; ¥1) — Fi; pe) = dx", (15) 


inasmuch as v(n’:n)=—v(n:n’'). (There is no 
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trouble from the fact that the matrix multiplica- 
tion involved in (13) has a sum inclusive of the 
term n’=n, whereas n’=n is excluded in (9): 
Namely, the two left-hand members of (13) 
cancel insofar as this term is concerned, since 
obviously pi(m; n)yi(n; n)=yi(n; n)pi(n; mn) 
meaning that effectively n’=n can be excluded 
from (13).) Since our problem involves no vector 
potentials or magnetic forces, we can without 
loss of generality suppose the coordinate matrices 
for the unperturbed problem all to be real, and 
the momentum matrices, which are linear func- 
tions of the first time derivatives of these 
coordinates (cf. Eqs. 4-5), to all be pure imagi- 
naries. Then F(p,; y:)=F (yi; px), and combi- 
nation of this relation with (15) yields 


—2F( pi; ¥1) = 5. (16) 


Eqs. (16) show that the expression (12) has 
the value —4mr,"Somyr.”/I and so after put- 
ting A= P—f¢ (8) reduces by (11) to W=W, 
+4(P— f)?/I, the two-dimensional equivalent of 
(1). 

In this demonstration we have used ostensibly 
a quantum-mechanical calculation, but classical 
theory could have been employed equally well 
instead. It is well known that there is a general 
agreement of classical and quantum results for 
harmonically oscillating systems. With the classi- 
cal treatment, the quantum conditions (13) 
would be replaced by corresponding expressions 
involving Poisson brackets. One would then use 
Fourier series containing action and angle vari- 
ables instead of Heisenberg matrices, and in 
place of (8) one would employ the classical 
second order perturbation formula," which in- 
volves derivatives with respect to the action 
variables. The quantum proof is fully as easy as 
the classical, since the difference quotients in the 
former are quite as readily handled as the 
derivatives in the latter. 

Calculation with Eckart’s coordinates. The pro- 
cedure for the three-dimensional case is very 
similar to that for the preceding example. In 
terms of Eckart's coordinates,” the formula for 


" Cf., for instance, M. Born, Vorlesungen tiber Atom- 
mechanik, p. 291, Eq. (24). 

2 The complete Hamiltonian function corresponding to 
(3) is given in Eq. (26) of Eckart’s paper, and so is not 
reproduced here. Our —— P;, Ni, xi, Di, Ex are 
respectively the same as Mj, Nig: ics, iss é4a, 1/2Bi, 1/C 
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the second order perturbation energy analogous 

to (8) with A= P—f¢ is 

H’ = Wot di. jE.E;F(Ni, N;)(P;- fi)(Pj- f;) 
+> Di Pi—f,)’, (17) 


where F still has the significance (9), and where 
the D's and E's have the values 


D; = (R? 45+ R242) 2M(R?*i41— R742)", 
Ei = 2RipiRise/ M( R41 — Rigs)’, (¢ =1, 2, 3) 


(18) 


in terms of the principal radii of gyration R,, Re, 
R; of the molecule. The corresponding principal 
moments of inertia are 


T,= M(R*y414+R'i42). (19) 


Here and elsewhere, the total mass of the 
system is denoted by M, and i+3 is the same 
as t. Since (17) is a second-order expression, no 
harm will be done if the R’s are calculated for 
the equilibrium position, so that the C's, E's, I's 
and R's can all now be regarded as constants 
independent of the vibrational structure. To 
facilitate printing, we do not, however, any 
longer attach zero superscripts to show explicitly 
that they relate to the equilibrium position. As 
in the previous example, it is nevertheless the 
difference between R, and R,°, important in the 
earlier stages of the calculation, which makes 
¢, #0. If we forgot the second order effect of the 
terms which were linear in (P;—f{;) in the 
original Hamiltonian function (Eq. (26) of 
Eckart), the F terms in (17) would be wanting, 
and the coefficient of (P;—{¢,)* would have the 
anomalous value D, rather than 1/2J; as de- 
manded by (1). This discrepancy is what we 
have called the Eckart paradox. 

The expressions N; appearing in 
momenta conjugate to certain oscillatory co- 
ordinates x,,'* and from the quantum and reality 


(17) are 


in Eckart's notation, and we do not choose the scale con- 
stants so as to make the mass of each particle unity. The 
signs of the coefficients of N;; are in error in his Eqs. (25) 
and (26) as is seen by reference to his Eqs. (21.2) and (22), 
which are the same as our (22) and (21), respectively. 

“ Eckart's Eq. (13) gives an explicit expression for x; 
rather than x. To find x; itself, one can integrate his 
(13) with his wg,, . regarded as constant coefficients, which 
is allowable for our second order perturbation calculation. 
As a matter of fact, one can see that the x; are purely 
oscillatory coordinates even without making this approxi- 
mation, since the second of Eckart's relations (12) inte- 
grates rigorously into 4Dcgatya. 














Oe A OEE Fe 


end 





conditions it follows in the same way as did (16), 
that 
—2F(N;, xi) = 3,6. (20) 


We shall need the following relations given by 
Eckart which are the analogs for his problem of 
our previous formulas (4-5) 


P= Twi — 2MRi i Risexi, (21) 
Ni =Tixi— 2M Rig i Rig wi. (22) 


Here a), we, w; are linear functions of the time 
derivatives of the Eulerian angles specifying 
rigid rotation of the molecule. The unperturbed 
problem is to be so chosen as to make the 
motion devoid of mass rotation, so that the 
mean values of w, we, w; are all zero. Let £), f, &5 
be the corresponding mean values of P;, Ps, P; 
which, as previously noted, need not be zero. 
Strictly speaking, there are vibrational oscilla- 
tions in the expression (21), as (21) gives the 
components of angular momentum projected 
upon the instantaneous principal axes of inertia 
of the molecule,'* instead of upon axes fixed in 
space, and the vibrations will cause small nuta- 
tions in the positions of these instantaneous axes. 
The resulting oscillations in (21) are, however, 
unimportant, viz., of the order h(y,—yx°)/27 
~h(m/M)* whereas the oscillations in (22) are 
of the order h/ itself. The mean value of (21) 
likewise is of the order / if it does not vanish, 
i.e., if there really is vibrational angular mo- 
mentum. For our purposes it is thus legitimate 
to regard (21) as constant over the vibration, 
and equal to the angular momentum relative to 
the equilibrium position. We cannot emphasize 
too strongly that one cannot correspondingly 
neglect the vibrational oscillations in (22) which 
are much greater and which will prove responsi- 
ble for the removal of the Eckart paradox. One 
finds that in the perturbation calculation, the 
first order effect of the linear terms in the P,;—f¢, 
equals'® }°@,(P;—¢,) and so vanishes, since by 


“4 This projection is the same as the angular momentum 
relative to fixed axes which instantaneously coincide with 
the principal axes of inertia, and the choice of which hence 
varies continuously with time (cf. Eckart's Eq. (24)). Do not 
confuse with the angular momentum in an accelerated 
coordinate system which travels with the principal axes; 
the latter angular momentum presumably involves oscilla- 
tions of the same order of magnitude as those in (22). 

% This result is derived from Eqs. (21.2), (22), (26) of 
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hypothesis, the unperturbed motion has &;=0 
(cf. Eq. (7) in two-dimensional example). In fact, 
the whole point of using P;—¢; rather than P, 
as an argument is to eliminate this first order 
effect. Hence in writing (17), we have included 
only the second order effect of the linear terms. 
When we use (21) with P;=¢; and (22), and 
remember that ¢; is a constant which does not 
contribute to the sum in (9), we obtain 


2D:F(N;, Nj) =F(Ni, x), 23) 


with D; as in (18). From (18) and (19) we have 
D;—(E2/4D,;) =1/21;. Hence (23) and (20) re- 
duce (17) to the desired form (1), and the proof 
is thereby completed. 

In the two-dimensional illustrative example, 
the angular momentum P could be treated as a 
c-number. In the actual, three-dimensional case, 
P,, Ps, P; must be regarded instead as matrices, 
since they obey the usual commutation (or 
rather, non-commutation) rules for angular 
momentum. We have seen, however, that the 
vibrational oscillations in (21) could be neglected, 
and so their non-diagonal elements are in the 
rotational rather than vibrational quantum num- 
ber, and they commute with all of the N’s to 
our degree of approximation. (The kinematical 
interpretation is that in the perturbed motion, 
P,, Ps, Ps; vary slowly with time due to rigid 
rotation of the molecule.) Hence the matrices 
P,, Pz, P; could be regarded as parameters as far 
as our preceding vibrational perturbation calcu- 
lation embodied in Eqs. (17-23) was concerned. 
However, even when the result (1) is obtained, 
the secular problem connected with (1), namely 
that of the asymmetrical top, must be solved. 
Hence we have used the notation //’ rather than 
W for the left side of (17). It is convenient to use 
a system of representation in which say P; is 
diagonal: the matrix elements of P;, P2:, P; can 
then be deduced from the commutation rules, 
and the secular problem connected with (1) for- 
mulated, giving the Wang-Kramers-Ittmann!® '7 
determinant for the asymmetrical top. We omit 


Eckart's paper, with sign correction mentioned at end of 
our footnote 12. 

1S. C. Wang, Phys. Rev. 34, 243 (1929). 

17H. A. Kramers and G. P. Ittmann, Zeits. f. Physik 53, 
533; 58, 217; 60, 663 (1929-30). 
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details, as they are found in Klein’s'* paper or 
Casimir’s thesis. The only point we need empha- 
size is that the rotational secular problem is to 
be solved after the vibrational matrix structure 
has been diagonalized. This is allowable in virtue 
of the general result of perturbation theory"® 
that when degeneracy difficulties do not appear 
in the first approximation (i.e., for us, retention 
of the first order effect of the linear terms in 
P;—{,) due to the vanishing of average values, 
it is not necessary to lift the degeneracy until 
after one has pushed a perturbation calculation 
for the non-degenerate or high frequency part of 
the problem sufficiently far to introduce trouble 
from the degeneracy. 


Calculation with Hirschfelder and Wigner's coordinates. 
Instead of using the Eckart scheme, one may alternatively 
start the perturbation calculation from the wave equation 
for polyatomic molecules given by Hirschfelder and 
Wigner. Their system of reference resembles Eckart's in 
that it presents the same anomalous initial coefficients D,; 
of (P;—{¢;)* defined in (18), but differs in the choice of 
internal coordinates. Also it exhibits explicitly the matrix 
elements of P;, P:, P:, giving us the Wang determinant as 
the immediate result of the perturbation calculation, 
whereas in Eckart’s paper it was not necessary to choose a 
scheme of representation for P,, P:, Ps. 

We shall here outline briefly how the Wang determinant 
is extracted from the H-W wave equation, and shall for 
simplicity consider only molecules in which the vibrations 
do not involve angular momentum, so that the irrotational 
case has P;={;=0, and corresponds to zero values for the 
H-W quantum numbers / and y. The first step is to 
establish the relation 


Yn, = (Puy /Mn) +9ngQs— Yn ge 
— (pn, /M)—(MR?2— MR;?)*y,, Ms 
— (MR?Z— MR,*)yn,M2—2DyynyMs+2D2yn,M2, (24) 


which is the content of the Hamiltonian equation y,, 
=0H/dp,, for a molecule devoid of mass rotation. The 
expression D; is defined as in (18), and 


QO; = (MR? — MRz?) 7X ( Yn Png + I¥nghny)> 
My =Z(Yn, Png — Puy Vn): 
where Y.,, Yung, Ye, are the Cartesian coordinates of particle 
n relative to the principal axes of inertia with origin at the 
center of gravity. The H-W paper gives the explicit form 
of the wave equation rather than Hamiltonian function, 
but the latter is obtained in the usual way by replacing 


18 O. Klein, Zeits. f. Physik 58, 730 (1929). An anomaly in 
sign is found in the commutation relations, because the 
angular momentum is projected on moving rather than 
fixed axes. 

Born and Jordan, Elementare Quantenmechanik, pp. 
209 ff; J. H. Van Vleck, Phys. Rev. 33, 467 (1929). 
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hd---/2widy,, by p»,. With the aid of the formulas 
LaMn Yan = MR;5;* (25) 


one finds from (24), and equations symmetrical therewith, 
that 
= Ly7 Zin Yn Yong | Yng¥n,) =Q;:—2D,M,. 


The sums encountered in the perturbation calculation are, 
except for a constant factor, all of the form F(Q;—2D;M,; 
Q;—2D;M;). When one uses relations —2F(p,,; Yn,) = 5," 
analogous to (16) or (20), and notices that the y's, R's, 
and D's may be considered as constant coefficients in the 
second order perturbation calculation, one deduces that 


F(Qi— 2D: Mi; Q;—2D,M;) =(4"— Daj". (26) 


The zero value when i #j is a consequence of the vanishing 
of the products of inertia in (25). The role of the second 
term in the right side of (26) is clearly to cancel the 
anomalous coefficient D; found if F terms are omitted, 
while the first term substitutes the normal value. As a 
typical case, we shall indicate how one derives the matrix 
element H’(y; y+2) of the Wang determinant. This 
element must be the same as the matrix element of the 
transformed Hamiltonian for which the non-diagonal 
elements in the vibrational quantum number have been 
eliminated by making a second order perturbation calcu- 
lation. Hence 


H'(y; ¥+2) =H® (ny; ny +2) 
+>, -H® (ny; n'y+1)H® (n'y +1; my +2)/he(n; mn"), (27) 


where H® (ny; ny +2), H™ (ny; n'y+1) are, except for a 
constant factor h*/8x*, the same as H,® and H,“) +H,“ 
in the H—W notation, which is not well adapted to our 
perturbation calculation, since their subscripts have no 
meaning regarding orders of magnitude. When explicit 
values of the right-hand members of (27) are substituted 
from the H—W paper, and the sum evaluated by means of 
(26), it is found that (27) acquires the proper Wang value 


(h?/32x*)(P+1—y?—y PLP +1—(y +1)" 
—(y+1) P(A -1"). 


Case of two or more equal moments of inertia. This case 
requires special consideration, for, although the conven- 
tional formula (1) involves no singularity, the anomalous 
coefficients D; found by Eckart and by Hirschfelder and 
Wigner are seen by (18) to become infinite here. Hence a 
perturbation calculation cannot be made with their 
coordinate system as a starting point. One way of partially 
sidestepping the difficulty is to let the moments of inertia 
approach equality after rather than before the perturbation 
calculation is made. The formula (1) then holds as one 
approaches the limiting case of equal moments of inertia, 
and so presumably holds in the limit. Another, and more 
solid procedure is to choose the three Eulerian angles so 
as to specify not a rotating coordinate frame coincident 
with the principal axes of inertia, but rather a different 
rotating frame in which the first axis coincides with the 
radius vector of one particle, the second axis is in the 
plane determined by this vector and the radius vector of 
another particle, and the third axis is of course normal to 
this plane. Such a set of axes has been used by Wigner in 
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connection with formal applications of group theory to 
atomic spectra.” With this new choice of Eulerian angles, 
there is no catastrophe when the moments of inertia 
become equal. The difficulty is rather that the anomalous 
coefficients, now different from (18), show an undue prefer- 
ence for one particle. In fact, the situation is analogous to 
that upon which we commented after Eq. (7) in the two- 
dimensional example, where we chose the coordinate ¢ to 
specify the radius vector of one particle. The second order 
perturbation calculation, of course, removes the dissym- 
metry, and restores the conventional result (1). This 
calculation might not be easy to make explicitly, due to 
the clumsy, unsymmetrical nature of the coordinates, but 
can only lead to (1), at least when the moments of inertia 
are unequal, since we have proved by means of Eckart’'s 
coordinates that (1) then is inevitable. With the unsym- 


* E. Wigner, Zeits. f. Physik 43, 624 (1927). 
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metrical coordinates, there is nothing to single out the 
case of equal moments of inertia, so that (1) must remain 
valid in the limit of equality. This argument furnishes the 
safest way to see that the terms of the third degree in 
P,, P:, P; neglected in our perturbation calculation ex- 
tending to the second order, are not unduly important 
when the moments of inertia nearly coincide. This result 
is not obvious when the symmetrical coordinate system 
is used. 

We may remark incidentally, that it is only when two 
or more moments of inertia coincide that the expressions 
f: involved in (1) can have non-vanishing values, for 
otherwise the molecule will not have sufficient symmetry 
to permit the vibrational degeneracy requisite for ¢; #0. 


The writer wishes to thank Professor Carl 
Eckart for interesting discussion and correspond- 
ence. 
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On the Plasticity of Crystals 


Pot Duwez,* Norman Bridge Laboratory of Physics, California Institute of Technology, Pasadena 
(Received December 26, 1934) 


In the following, a theory is given with the purpose of 
establishing a mathematical relation between the stress 
and the strain in a crystal when plastically deformed. The 
existence of a “secondary structure” in crystals is adopted 
as a basic hypothesis. This structure was pointed out by 
Professor F. Zwicky to be a consequence of what he calls 
“cooperative phenomena.”” The assumption that gliding 
in crystals takes place between the blocks of the secondary 
structure is the starting point of the following theory. The 
additional hypothesis of assuming a statistical distribution 
of the different forces which produce gliding between the 


ParT I 


T is well known that when the yield point is 

reached in a crystal, gliding takes place 
between some of the crystallographic planes. If 
we plastically deform a crystal through applica- 
tion of a sufficiently high stress in a given direc- 
tion, and then reverse the stress, the gliding is 
reversed also, but we never obtain the initial 
state. Plastic deformation of a crystal at low 
temperatures in general leads to ‘‘cold harden- 
ing.’’ The conception of the ideal crystal, defined 
by a geometrical arrangement of particles in a 


* Research Fellow of the Commission for Relief in Bel- 
gium, Educational Foundation. 


blocks, gives us the means for going further in the calcu- 
lations. The final result which is the stress strain curve of 
a crystal, is an exponential law containing three constants, 
i.e., the torsional modulus G, the elastic limit, (y,, r,) and 
the maximum applicable stress +,. The form of the 
hysteresis cycles is deduced from the same considerations 
and moreover a formula is obtained for the areas of the 
cycles. Experimental verifications were made on a single 
crystal of copper, and also on ordinary microcrystalline 


copper 


lattice, cannot explain the phenomenon of cold 
hardening. Zwicky'~* has studied other physical 
properties of crystals which are incompatible with 
the idea of an ideal lattice. He comes to the con- 
clusion that these properties may be understood 
in terms of a “‘secondary structure”’ in crystals. 
In this discussion we admit the existence of this 
secondary structure, and, following Zwicky, we 
denote as x-planes the crystallographic planes 
characterizing the secondary lattice. Gliding 
Zwicky, Proc. Nat. Acad. Sci. 15, 253 (1929). 
Zwicky, Phys. Rev. 40, 63 (1932). 


F, 
F, 
F. Zwicky, Phys. Rev. 43, 270 (1933). 

F. Zwicky, Helv. Phys. Acta 16, 210 (1933 
F. 

F. 
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Zwicky, Mech. Eng. 28, 427 (1933). 
Zwicky, Rev. Mod. Phys. 6, 193 (1934). 
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Fic. 1. Model of Fic. 2 
plastically deformed 
crystal after Zwicky. 


occurs in these planes for shearing stresses far 
smaller than these derived from the theory of 
ideal lattices. 

The laws governing gliding between two 
planes are not known very accurately. Two differ- 
ent theories were proposed by Frenkel’ and 
Becker® with the view of defining the conditions 
under which gliding takes place. Neither of them 
gives any physical explanation of cold hardening. 

Experimentally we know that gliding increases 
with the shearing stress following a regular curve. 
In this connection aluminum crystals were 
studied with very great care by Taylor.® 

Schematically the pseudostable configuration 
of a plastically deformed cubic crystal can be 
represented as shown in Fig. 1. (Rotation of the 
blocks is exaggerated.) Deformation has taken 
place along the planes and the blocks have dif- 
ferent relative orientations. The shearing stress 
which is necessary to produce a new gliding is 
visibly increased (cold hardening). Let us con- 
sider a part of a crystal consisting of two slices 
of elementary secondary blocks (Fig. 2). Let us 
call A and B the two planes of symmetry of each 
one of the slices. These two planes are at a dis- 
tance equal to the constant of the secondary 
lattice. If we apply a tangential force between A 
and B great enough to produce gliding along the 
x-plane, the blocks are disturbed and the configu- 
ration becomes that represented by Fig. 1. 
From the level A to the level B the force is 
transmitted in two different ways. From A to z, 
the transmission is purely elastic; along + we 
must consider a friction between the blocks; from 
x to B, we have again an elastic transmission. 
We may assume that the translation of each 
block is the same. On the contrary, the rotation 
is different, and the force required to produce 


7 J. Frenkel, Zeits. f. Physik 37, 572 (1926). 

* R. Becker, Physik. Zeits. 26, 919 (1925). 

*G. Taylor, Proc. Roy. Soc. A102, 650 (1923); A111, 533 
(1926). 
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Fic. 3, Mechanical model showing the way the force is 
transmitted between the blocks of the “secondary struc- 


ture.” 


a gliding between two corresponding blocks is 
consequently different. 

To depict the phenomenon of plastic deforma- 
tion we consider the mechanical model illustrated 
in Fig. 3. The two planes A and B previously 
mentioned are represented by two parallel plates 
to which are attached a series of springs S. These 
springs are connected by small plates. These can 
glide on each other. Let us assume that the 
elastic constants of the springs are all the same, 
but that the forces required to produce gliding 
of the surfaces are different. These hypotheses 
are suggested by the correspondence between the 
crystal and the model. If we displace the two 
plates A and B in such a way that they remain 
essentially parallel, the tangential force will be 
determined by the values of the elastic constants 
of the springs and the different forces of each 
gliding element. Let x be the displacement of the 
plane A with respect to the plane B. Consider n 
elements per unit length. To each element cor- 
responds a parameter f,, which is the minimum 
value of the force which must be applied to 
obtain a gliding. It is more convenient in com- 
putation to consider the elastic displacement x, 
corresponding to this force f,, as given by the 
relation f,=Kx,, K being the constant of the 
spring. The amplitude of the gliding is, for each 
element equal to the displacement x— x,, x being 
the displacement which we impose on every 
element. Let us divide the interval x into small 
intervals Ax. In each of these intervals, we have 
a given number An of elements which begin to 
glide; we have a correspondance between the An 
and the Ax. If we divide the deformation into 
intervals small enough, we can assume that the 
correspondance between the ratio dn/dx and x 
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is given by a continuous curve. If dn/dx= ¢(x) 
is the equation of this curve, the number of 
elements for which gliding occurs between x and 
x+dx is given by dn= ¢(x)dx. In the same way, 
the number of elements for which gliding occurs 
when the deformation increases from x; to x is 
given by the integral 


Nie =| go(x)dx. 


Knowing the analytical form of the function 
g(x), we are able to compute, as we shall see 
later, the total force transmitted by all the 
elements for a given value of the deformation. 

The form of the function g(x) is to some 
extent arbitrary, and the choice of this function 
is the main hypothesis on which the following 
computations are based. We suppose that the 
number dn of elements which glide between x 
and x+dx, is given by an exponential law of the 
form 


dn= Ae *®*dx. (1) 


We can justify the exponential law by a very 
simple argument which is used in the kinetic 
theory of gases to introduce the notion of the 
mean free path of a particle. Let us consider a 
total displacement x and denote by P(x) the 
probability of an element retaining an elastic 
displacement x. Suppose that the probability of 
obtaining gliding for an elementary total dis- 
placement dx is proportional to dx. If a is the 
constant of proportionality, the probability of 
having no gliding in the length dx is 1 —adx. If 
we apply the theorem of combined probabilities 
we have the relation 


P(x+dx) = P(x)[1—adx]. 


The Taylor expansion theorem limited to the 
two first terms gives 


dP(x)/dx= —aP(x). 


If 6 denotes a constant, we have P(x) =be~*?. 
The constant 0 is equal to 1 because the function 
P(x) must be unity when x=0. Consequently 
P(x) =e~**. Let n be the total number of elements 
per unit length. The number dn of these having 
a gliding between x and x+dx will be 


dn = ne~** — ne~*=+42) | 


DUWEZ 


since ne~** is the number of elements which do 
not glide during the displacement x, and 
ne~*‘=+42) is the number of elements which do 
not glide during the displacement x+dx. If we 
develop the exponential function, we obtain 


dn = nae~**dx. (2) 
By definition, the factor a has the dimension of 
the inverse of a length. Let us put 


L=1/a. 
The formula (2) becomes 


dn=(n/L)e~*'"“dx (3) 


in which L is a length. 

It is now possible to calculate the force which 
we must apply between the two planes A and B 
(Fig. 3) in order to produce a given deformation 
x,;. The elements of the mechanical model (or 
the blocks of the secondary structure in the 
crystal) may be divided into two classes, de- 
pending upon the value of the deformation x. 
In the first class we put those elements for which 
the gliding occurs between the two surfaces 
during the increase of the deformation from 0 to 
x,. In the second class are put the elements whose 
deformation is purely elastic. We shall calculate 
separately the force corresponding to those two 
classes and the sum will be the total force. 

Each element of the first class takes a different 
part in the transmission of the force. The element 
for which gliding occurred when the deformation 
was x transmits a force equal to Kx. This force 
remains constant as the deformation increases up 
to the value x,. If we multiply the number dn 
given by Eq. (3) by the force Kx, we obtain the 
elementary force corresponding to the elements 
dn, i.€., 


dF,=Kx(n/L)e-*' “dx. 


The total force will be obtained by an integration 
from 0 to x. ‘ 


2d | 


1 =(Kn L) | xe"! "dx. 4) 


0 


In the second class we consider the elements 
for which the deformation is essentially elastic. 
All those elements, when the deformation is x, 
transmit the same force Kx,. The same argument 
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as before gives us the elementary force 
dF,=Kx,(n/L)e~*' "dx, 


and the total force will be 
F.=(Kn Dx ff e~*! “dx. (5) 
| 
If we combine Eqs. (4) and (5), we obtain the 
total force per unit length transmitted by the 
elements of the two classes, 


F=—KnL[1—e-*/"]. 


The minus sign means that the force is in the 
direction opposite to that taken as positive for 
the deformation. In the following, we shall not 
take this sign into consideration. 

We can replace our linear model by a two- 
dimensional one in which we consider n* elements 
per unit area. The argument is exactly the same, 
and we have the formula 


F=Kn®L[{1—e-™/*]. 
l=L/D, 


(6) 


Let us denote y=x/D, (6’) 
in which D is the constant of the secondary 
lattice. These ratios are without dimension and 
the first one corresponds to the definition of a 
shearing strain in a solid. With those notations, 
Eq. (6) becomes 


F=Kn®Di{i—e-?!"). 


By definition, F, being the force per unit area, 
is the stress. We call it r. On the other hand, the 
factor Kn has the dimensions of a modulus of 
elasticity; let us call it G. The product Dn is 
obviously unity. Thus we have the final formula 

r=Gi[1—e77!"] (7) 


The slope of the tangent at the origin of this 
exponential curve (Fig. 4) is G. The asymptote 
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Fic. 4. Form of the plastic stress strain curve. 
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has an ordinate Gi. Let us denote this ordinate by 


tT =Gl. (8) 


Hence r+, is the maximum stress that can be 
applied without producing rupture of the 
crystal. We can calculate the mean value of the 
elastic displacement. This mean value is given 
by the formula 


aw 


(1/m) | xdn. 
0 


If we replace dn by its value (3), we find that 
this mean value is precisely L. We suggest to 
call “average element” the element having L as 
elastic displacement. Eqs. (6) and (8) show us 
that the two lines OA and AB (Fig. 4) are the 
stress strain diagram of this average element. 
Hence complete separation of the gliding parts 
is reached when gliding occurs in the average 
element. 

The constant D of the secondary structure 
does not appear in Eq. (7) of the stress strain 
curve. The argument implies the existence of 
such a structure since we consider a certain 
number of blocks per unit area. The only 
hypothesis is that this number has to be of a 
different order of magnitude than that measuring 
the size of the specimen from which we derive 
the stress strain curve. As we are interested in 
the mean value of the stress over a macroscopic 
area, it is natural that the size of the blocks is 
not involved in the result of these calculations. 
To establish a relation between D and /, we have 
to introduce a new hypothesis and take into 
account a physical property of the average block. 
We can assume, for example, that the average 
block is such that its elastic deformation is of the 
order of magnitude of one atomic distance. In 
this case 1] would be equal to the ratio of the 
constants of the primary and the secondary 
lattice, ie., d/D. Thence we may obtain an 
approximate value of D, as / is known experi- 
mentally. We shall see in the second part of this 
paper that the mean experimental value of / is 
0.5 x 10~-*, for copper. The resulting approximate 
value for D is 0.84 which is in good agreement 
with the value which Zwicky deduces from 
other considerations. : 
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Stress strain curve of a crystal having an elastic 
limit 


In the preceding sections we assumed that 
however small the tension is, a gliding occurs in 
a certain number of blocks. We can transform 
our results very easily if we admit the existence 
of an elastic limit, i.e., a range of deformation in 
which Hooke’s law is applicable. The stress 
strain curve for which we found the equation 
represents the phenomenon of plastic deformation 
starting from the elastic limit, because at this 
point the first elements are ready to glide, and 
the conditions required by our hypotheses are 
present. Mathematically, if we call r, the elastic 
limit and y, the corresponding deformation, it 
is easy to see that we have to replace in Eq. (7), 
y by Y—s, tT by ta—7,., and add the value r, 
of the elastic limit to the result. So that the new 
formula is 


r= t+ (tm — 7.) 1 —e-O (770)! (rm—4e)], (9) 


This equation is applicable for r>r,. When r is 
less than r,, we make use of Hooke'’s law r=Gy. 
We must point out here that all these results are 
valid only for a tension inferior to the creep 
limit. The creep phenomenon occurs for rather 
small tensions in single crystals of pure metals, 
and in this case the stress strain curve has to be 
derived from a more general theory. 


Possible explanation of plastic hysteresis and 
measure of the lost energy 


The calculations made in the preceding chapter 
are independent of the direction of the deforma- 
tion. The stress strain curve 1 (Fig. 5) may be 
completed by a curve 4, symmetrical with 
respect to the origin. This curve is obtained 
experimentally by taking the crystal free from 
tension, and applying the stress in the opposite 
direction. 
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Fic. 5. Form of a hysteresis cycle. 
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Fic. 6. Hysteresis cycle for a single element of the model 
Fig. 3. 


If, after having deformed the crystal to the 
state corresponding to point A (Fig. 5), we 
decrease the stress and then increase it in the 
opposite direction until we reach the same ab- 
solute value, we obtain curve 2. The inverse 
process gives us curve 3 symmetrical to 2 with 
respect to O. We obtain a hysteresis cycle. The 
model which we used to explain the form of the 
stress strain curve gives a good explanation of the 
hysteresis phenomenon. The existence of a cycle 
can be derived (Fig. 6) by considering a single 
element of the model. The stress strain curve of 
this element is formed by two straight lines OA 
and AB if we stop the deformation x; at this 
point. If we impose on this element a deformation 
equal to —x,, the force f will at first decrease 
linearly, following a straight line parallel to OA, 
until it reaches the symmetrical value —/;. This 
is due to the fact that, so far, the spring alone is 
responsible for the deformation. As we continue 
to increase the deiormation, gliding occurs 
between the two surfaces and the force remains 
constant until O’. The inverse process gives us 
the lines O’A’ and A’B’ closing up the parallel- 
ogram. If we take the axes O’x’f’ parallel to Oxf, 
we easily find that the curve O’A’B’ is, considered 
with respect to the axes O’x’f’, obtained by mul- 
tiplying by two the coordinates of the points of 
the curve OAB. The two curves are similar. A 
very simple calculation shows that this property 
is also applicable in the case of m elements in the 
model. So if r=/f(7) is the equation of the stress 
strain curve 1 (Fig. 5) the equation of curve 3 
with respect to a system of axis O’y'r’, will be 
r’=f(y’). The correspondence between r, r’, y, y’ 
is given by y’=2y, r’=2r. Curves 1 and 3 are 
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exactly the same but the scale is changed. There- 
fore when in possession of the stress strain curve 
we may draw the hysteresis cycle corresponding 
to any one point A of this curve; the condition 
being that the deformation varies between two 
equal and opposite values. 

Hence the calculation of the area of the cycles 
is very easy. The double of the area of the cycle 
represented in Fig. 5 is equal to the sum of the 
two areas O'3AB and O’2AC, minus the area of 
the rectangle A BO’C. The area O’3AB (identical 
to O’2AC) is equal to four times the area O1AD. 
Finally we have, if we denote by A the area of 
the cycle, and by y and +r the coordinates of the 
summit of the cycle, 


ay 
A -8| rdy —4yr. 
“<< 
In the general case, we have, between + and y, 
Eq. (9). If we replace r by this value, the final 
formula will be 


A =4(tm— 1.) [¥+2(tm— 72) /G ]e~ O61 19)! rm) 


+47 Tm (8 G)( ™— T.)?>—B87eTmt4YVeTe- 


The mathematical form of this exponential is 
A =a;(y+a2)e ©°-™ +asy+a4 


in which the a,;’s, and C are obtainable from the 
three constants +r,, G, tm. Beyond a certain 
deformation, we can see that the term asy 
becomes the most important and the variation 
of the area with respect to the deformation is 
almost linear. This amounts to neglecting the 
curvature of the cycles and considering them as 
parallelograms. 


Part II 


The second part of this paper contains some 
experimental verifications of the preceding con- 
siderations. The main results needing confirma- 
tions are: 


(1) The formula of the stress strain curve. 

(2) The similitude between the stress strain curve and 
a branch of a cycle and as a consequence, the exponential! 
law giving the area of the cycles in terms of the deforma- 
tion. 


The following experimental results were ob- 
tained from torsion tests made on specimens of 
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copper of different crystalline structure. The 
torsion machine was built for small cylindrical 
specimens of about 2 mm diameter. The torque 
was directly measured by weights and the angle 
of deformation by means of the ordinary optical 
method. The specimens which were used for the 
experiments are called A, B, C and D. They have 
the following characteristics: A, B and C were 
cylinders of polycrystalline copper; the deforma- 
tion was measured on a length of 10 mm. The 
specimen A was simply annealed by heating in 
vacuum a few hours in order to have it free from 
tension. The structure was microcrystalline. 
Specimens B and C were recrystallized after cold 
hardening, by heating in vacuum for five days at 
a temperature of about 1000°C. The average size 
of the crystals was 0.2 mm for B and 2 mm for C. 
Specimen D was a single crystal of copper which 
had been obtained by recrystallization. The 
copper wire was first annealed by heating two 
hours in vacuum at 900°C. Then it was per- 
manently deformed about 1 percent, and heated 
for eight days at 1000°C. By operating on several 
wires, we obtained a few single crystals greater 
than 10 mm in length. The three specimens A, 
B and C were used to obtain the cycles given in 
Figs. 7, 8, 9. To have a series of regular cycles, it 
is advisable to begin with the one corresponding 
to the greatest stress. Having fixed the absolute 
value of this stress, we measure the deformations 
corresponding to different intermediate stresses. 
A very important condition which must be satis- 
fied is that we must never change the sense of the 
stress before having reached the summit of the 
cycle. The deformations which we measure are 
taken with respect to the summit of the cycle as 
origin. The axis of deformation is fixed later as an 





Fic. 7. Hysteresis cycles for polycrystalline copper (micro- 
crystalline structure). ° 
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Fic. 8. Hysteresis cycles for polycrystalline copper (3). 
(Approximate size of the grain 0.2 mm.) 








{ Fic. 9. Hysteresis cycles for polycrystalline copper (C) 
E (Approximate size of the grain 2 mm.) 


axis of symmetry of the cycle. The cycles of 
smaller amplitude are obtained by the same 
process. They are finally all drawn on the same 
diagram, taking into account the conditions of 
symmetry. The locus of the summits of the cycles 
of the resulting diagram gives us the stress strain 
curve. Having the experimental values of the 
constants r,, 7, and G, we can calculate the stress 
strain curve by Eq. (9). The values of these 
constants and the theoretical and experimental 
values found for the stresses and the areas of the 
cycles are given in Tables I and II. The dis- 
crepancies are collected in two columns. 

The single crystal (specimen D) gives a 
similar stress strain curve (see Fig. 10 and 
Table II). For this specimen we increased the 
stress until a measurable creep was reached. By 
measurable creep, we understand that the an- 





TABLE I. Elastic limits, deformations and constants. 





f 

§ T. Tm & 

; SPECIMEN (kg/mm*) Ys X 106 (kg/mm?) (kg/mm?) 
A 3.0 66 9.5 4550 
B 3.15 &7 8.65 3620 
c 0.6 18 4.0 3380 
D 1.0 31 2.9 3180 
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TABLE II, Theoretical and experimental values of the stresses 
of the hysteresis cycles. 





Tueor. Exp THEOR. Exp. 
STRESS STRESS AREA AREA 
Spect- (kg/ (kg/ (kg/ (keg 
MEN 7X10 mm*) mm?) Dirr mm?) mm?) DiFF 
66.0 - - -- 
120.0 5.07 5.09 +0.02 0.0008 0.0008 0 
{ 197.2 6.90 6.87 —0.03 0.0089 0.0094 +0.0005 
299.5 8.22 8.06 —0.16 0.0267 0.0276 +-0.0009 
410.0 8.90 8.82 —0.08 0.0595 0.0572 —0.0023 
$40.0 9.25 9.48 +0.23 0.0964 0.0936 —0.0029 
101.7 3.67 3.62 —0.05 0.0002 0.0000 —0.0002 
176.2 5.60 5.84 +0.24 0.0040 0.0037 —0.0003 
B 281.0 7.12 7.25 +0.13 0.0172 0.0174 +0.0002 
434.0 8.10 7.98 —0.12 0.0549 0.0538 —0.0011 
569.0 8.31 8.35 +0.04 0.0889 0.0906 +0.0017 
78.6 2.14 2.22 +0.08 0.0007 0.0005 —0.0002 
132.0 2.93 2.96 +0.03 0.0028 0.0032 +0.0004 
( 195.0 3.40 3.34 —0.06 0.0080 0.0084 +0.0004 
298.2 3.79 3.71 —0.08 0.0191 0.0192 +0.000 1 
410.0 3.93 3.90 —0.03 0.0347 0.0353 +0.0006 
37.8 1.19 1.20 +0.01 
47.1 1.44 1.44 0.00 
56.3 1.65 1.68 +0.03 
D 67.8 1.87 1.93 +0.06 
82.7 2.09 2.16 +0.07 
110.0 2.39 2.41 0.02 
126.5 2.51 2.53 +0.02 
162.0 2.68 2.65 —0.03 


| 


gular deformation y, observed 24 hours after 
application of the load, increases more than 
2.2 10-°, which is the accuracy of the measure- 
ments. The hysteresis cycles represented in Fig. 
10 are obtained as follows: We increase the 
stress from zero to 2.7 kg/mm* (point A) where 
we observe a creep. The speed of creep is such 
that the deformation reaches point B after 192 
hours (the increase of deformation seems to 
follow an exponential law). Then, decreasing the 
stress, we reach point C where the creep phe- 
nomenon takes place again. After 94 hours, the 
deformation has increased to point D. We apply 
the inverse process, and the branch DE is ob- 


tained. We observe the creep between D and F 


for 330 hours. Finally we can obtain the hys- 
teresis cycle FG without measurable creep if we 
do not wait more than one hour before reversing 
the stress at the end of the cycle. 

The mechanical model considered in the former 
section does not take into account the phe- 
nomenon of creep. But we can easily understand 
that when the deformation has reached a certain 
value, gliding has already occurred in a great 
number of elements and since very few of them 
remain elastic, these few are alone responsible 
for the stability of the deformation. Practically 
this number is so small that creep occurs. After 
a certain amount of this creep, there is no 
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Fic. 10, Hysteresis cycles for a copper single crystal (D) 
in torsion. 
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Fic. 11. Stress strain curves in torsion for polycrystalline 
copper (A, B and C) and a single crystal of copper (D). 
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Fic. 12. Areas of the hysteresis cycles in function of the 
deformation (A, B and C). 


reason at all why we could not reproduce a 
hysteresis cycle identical to the cycle before 
creep. This is proved experimentally by the fact 
that the branches of the different cycles drawn 
in Fig. 10 are identical. 

Figs. 11 and 12 show graphically the experi- 
mental verifications. 


CONCLUDING REMARKS 


The experimental results shown in Table II 
confirm the theory. In addition to the two main 


OF CRYSTALS 501 


results which confirm the theoretical conclusions 
(1) and (2) stated at the beginning of Part II, 
we can point out that the tangent at the end of 
each cycle has always a slope equal to the 
modulus of elasticity. More generally, each time 
we reverse the sense of the deformation, we ob- 
tained an inclined straight line, if the elastic 
limit was different from zero. ‘This can be 
deduced from the theory. 

This study does not constitute a direct proof 
of the existence of a secondary structure in 
crystals. However, the experimental verifications 
agree so well with the calculations based on the 
existence of a secondary structure that it gives 
a proof a posteriori of the reality of such a 
structure. Our mechanical model is only a model, 
and we do not maintain that gliding along a 
x-plane is identical to that of two material sur- 
faces. But, however complicated the motion of 
the particles in the r-plane may be, the final 
situation of the two atomic rows is about the 
same as that which we would obtain by simple 
gliding. 

We can also point out the great regularity 
which we found in the form of the hysteresis 
curves obtained with four different specimens. 
We think that this regularity could be extended 
to other crystals. And this seems to prove that 
there is something fundamental in the structure 
of any crystal which is responsible for the 
plastic deformation. The notion of a secondary 
structure has this character of something funda- 
mental and provides a very good tool for sys- 
tematic researches on the mechanical properties 
of crystals. 

In our experiments we have used the method 
of torsion as it is the simplest way of obtaining 
states of pure shearing stress. However, this 
stress is not uniform over the cross section of the 
wires. We therefore intend to conduct further 
experiments on crystals which are subjected to 
uniform alternating shearing stresses in order to 
reduce the problem of mechanical hysteresis to 
the simplest possible case. 

In conclusion I wish to express my gratitude 
to Professors Th. von Karman and F. Zwicky, 
under whose direction this investigation was 
carried out. I am indebted to them for frequent 
and valuable advice. 
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The two faces were cut from the same single crystal, 
and etched to remove the broken surface pieces and to 
expose only crystal facets which were parallel to the 
geometric boundaries in question. Care was taken to 
prevent any contacts between the prepared planes and 
foreign objects. The two specimens were heated simultane- 
ously by electronic bombardment at various red-heat 
temperatures for over 1500 hours in a good vacuum. The 


INTRODUCTION 


HIS experiment was undertaken as a part of 
a rather extended series of investigations 
concerning the properties of single metallic 
crystals instituted at Brown University several 
years ago. The main work has of course been Dr. 
Farnsworth’s investigations on electron dif- 
fraction. M. L. Williams! has reported on soft 
x-rays from copper crystals, and B. A. Rose* has 
published an account of his work on the contact 
difference of potential. The purpose of this ex- 
periment is to investigate the photoelectric 
properties of the (100) and the (111) faces of a 
single copper crystal. 

The experiments of Goetz,’ Cardwell,‘ Linder,’ 
Dillon,* Nitzsche’ and others have indicated the 
influence of crystal structure on photoelectric 
phenomena. The work of Nitzsche is the first in 
which the photoelectric thresholds have been 
measured for more than one distinctly prepared 
crystal face of the same single crystal. However, 
no attempt was made to remove occluded gases 
by heating in a good vacuum, and contaminating 
vapors were present. 


PREPARATION OF CRYSTALS 


Two pieces were cut from a large single copper 
crystal in such a manner that a geometrical face 
of one was parallel to a (100) set of planes and 


Yt tong — Rev. 44, 610 (1933). 
Rose, Phys. Rev. 44, 585 (1933). 
* Gone P vs. Rev. 33, 373 (1929). 
« Cardwell, Proc. Nat. Acad. Sci. 14, 439 (1928). 
* Linder, Phys. Rev. 30, 649 (1927). 
s Dillon, Phys. Rev. 38, 408 (1931). 
* Nitzsche, Ann. d. Physik 5, 14, 463 (1932). 
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The Photoelectric Properties of the (100) and (111) Faces of a Single Copper Crystal 


NEWTON UNDERWOOD, Hood College, Frederick, Maryland 
(Received February 1, 1935) 


photoelectric thresholds were measured by the use of 
filters as the outgassing proceeded. During readings, the 
pressure was less than 5X10-* mm Hg. After 500 hours 
of outgassing the threshold wavelengths were approxi- 
mately 2540A for the (111) face and 2200A for the (100 
face. The results show that the etching produced by 
evaporation should be avoided in such an experiment. 


that of the other parallel to a (111) set of planes. 
The method of accomplishing this is described 
in detail by Dr. Farnsworth.* The surfaces were 
smoothed on stones, and the final grinding was 
done on plate glass with a very fine grinding 
compound. The final grinding was considerably 
speeded up by using a dilute solution of nitric 
acid (about 5 percent) as a lubricant instead of 
water. 

After the surfaces were made as scratch free as 
possible they were given a final etching. The 
(111) face was exposed by electrolysis in a copper 
sulphate solution (30 ma at 0.8 volt for 3 hours). 
It is important to have the electrode plane and 
parallel to the crystal face. This method gives 
an exceptionally good crystal face, very few 
reflections from other planes being visible. The 
preparation of the (100) face presented consider- 
able difficulty. It was found best to use a pre- 
liminary etching bath consisting of a 55 percent 
(by volume) solution of nitric acid at 25°C until 
all of the broken crystals were removed and a 
smooth matte surface was secured. The face was 
then finally etched in a 64 percent solution of 
nitric acid at 27°C. The concentration required 
varies with the temperature. It is highly im- 
portant to keep the face wet. If it becomes dry 
when it is taken out for inspection, it must not 
be put back into the strong solution until it is 
first wetted in the weaker one; otherwise, a 
streaked surface will result. If the acid is too 
strong a reddish brown surface is formed; if it is 
too weak the surface has a silky appearance. 
Once a good surface was obtained care was taken 
to prevent anything from touching it. As soon 


* Farnsworth, Phys. Rev. 34, 683 (1929). 
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as practical after giving the crystals a final 
cleaning in a cyanide solution and then distilled 
water, they were placed in the experimental tube 
which was quickly evacuated. 


EXPERIMENTAL TUBE 


The mountings of the crystals were designed 
so as to minimize illumination by stray light, to 
prevent recrystallization at the crystal faces and 
to reduce to a minimum the amount of metal 
containing occluded gases. The first condition is 
primarily a matter of geometry. In order to 
realize the second requirement, the point of 
mechanical contact with the crystal was placed 
as far away from the front face as possible and 
the crystal was backed with molybdenum, since 
direct electronic bombardment causes recrystal- 
lization. The third condition was fulfilled by 
making the movable parts almost entirely out 
of glass. The mechanical arrangement was such 
that the two faces could be alternately moved in 
front of a quartz window, and could also be 
moved into position for heating by electronic 
bombardment. The motion was accomplished by 
external electromagnets acting on iron armatures 
inside the vacuum. These armatures were com- 
pletely enclosed in snug fitting vacuum-tight 
glass tubes, thus eliminating a large source of 
gas. The whole assembly fitted into the con- 
taining tube, the walls of which were the bearing 
surfaces. A glass guide was introduced which 
accurately determined the position of the crystals 
when they were moved into their different 
locations. The only exposed metal parts, except 
the crystals, were the two supporting wires, two 
very thin shields (not shown) and the anode, all 
of which were made of molybdenum. The scale 
drawing in Fig. 1 shows the constructional 
details. 


PROCEDURE AND RESULTS 


The experimental tube was attached to a two- 
stage diffusion pump vacuum system, and the 
trap between the last oil diffusion pump and the 
experimental tube was cooled by solid carbon 
dioxide in acetone. The vapor pumps were kept 
running continuously throughout the experi- 
ment. After baking the tube for about 36 hours 
at 400°C the filaments were given a short out- 


gassing at red-heat temperatures, the exposed 
glass parts were torched, and the carbon dioxide 
refrigerant was then removed from the trap. 
After 10 minutes the lower end of the trap was 
surrounded by carbon dioxide snow for an addi- 
tional 15 minutes. This allowed the inside walls 
to warm up so that the water vapor and other 
condensed gases were pumped out, and at the 
same time oil vapor was kept from contaminating 
the experimental tube. The Dewar flask con- 
taining the cooling agent was then immediately 
replaced. The exposed glass parts were again 
torched and the baking process continued for 
another 48 hours. Under the best conditions the 
pressure was about 1 X 10-* mm Hg as read on an 
ionization gauge. After the filaments were suf- 
ficiently outgassed the crystals were heated by 
electronic bombardment. The ionization gauge 
was kept running continuously during the early 
stages of heating, and the power input was 
adjusted so that the pressure was kept below 10~° 
mm Hg and usually nearer 10-* mm Hg. It 
required several hours of cautious heating to 
bring the crystals up to a very dull red heat 
without any unduly high pressure surges. The 
heatings were continued at dull red heat for 
550 hours before any noticeable evaporation 
appeared. The deposit from evaporation became 
appreciable after the 875th hour of heating. The 
two crystals were outgassed simultaneously for 
over 1500 hours. 

A quartz mercury are was used as a source of 
light in conjunction with a set of liquid light 
filters, which were checked at frequent intervals 
by photographing the mercury spectrum when 
the different ones were placed in front of the slit 
of a Hilger quartz spectrograph. The photo- 
currents were measured by means of a Soller*® am- 
plifier whose maximum sensitivity was 2x 10~" 
amp./mm. 

The experimental data were obtained by 
measuring successively the photo-currents from 
the two crystal faces when the various filters 
were placed in front of the quartz window. 
Although this procedure does not permit an 
application of Fowler’s'® method for a precise 
determination of the long wavelength limits, it 
should reveal any differences in the photoelectric 


* Soller, Rev. Sci. Inst. 3, 416 (1932). 
1° Fowler, Phys. Rev. 38, 45 (1931). 
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characteristics of the two faces. These currents 
were plotted against the filter number. An in- 
spection of all the curves shows that the greatest 
difference in the work function for the two faces 
appeared after about the 500th hour of accu- 
mulated heat treatment. This difference is shown 
by the graph in Fig. 2. The marked points are 
believed to indicate the true difference between 
the two faces which at this stage of the out- 
gassing amounts to approximately 0.73 volt. The 
surface work function is readily obtained in 
volts from the relationship @=12,336/r (A 
expressed in A) and a knowledge of the short 
wave cut-offs of the filters. The lower horizontal 
portion at the bottom of the (100) graph has been 
ignored and ascribed to the presence of foreign 
crystal planes. The assumption that the small 
currents represented by this portion of the (100) 
curves are due to the presence of contaminating 
facets is supported by the appearance of the 
curves after evaporation had taken place. After 
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evaporation became appreciable at about the 
875th 
greatly increased in 
expect that the face with the larger work function 
would be affected most by the contaminating 
facets, and that as the contamination increased 


hour of heating, these currents were 


magnitude. One should 


the curves would come to represent the photo- 
electric characteristics of the plane of smallest 
work function rather than the characteristics of 
the prepared faces. This is what was observed. 
As the heatings were continued at temperatures 
high enough to produce evaporation, the curves 
for the two faces became more and more alike, 
so that finally they were barely distinguishable 
and the thresholds were extended to about 2536 

2650A. An examination of a carefully prepared 
crystal plane before and after evaporation shows 
quite definitely that the evaporation process 
does expose other planes. In order to be sure that 
the difference observed between the two faces 
was not due to different outgassing rates, the 
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Fic. 2. Photo-current vs. filter number for the (111) and 
(100) faces. 
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Fic. 3. Work function in volts vs. hours of heating for the 
(111) and (100) faces. 


outgassing was occasionally carried out with one 
of the crystals at a higher temperature than the 
other. This deliberate heating of either crystal 
at a higher temperature did not cause the graphs 
to reverse their relative positions. 

All of the curves of the type shown for the 
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510th hour (Fig. 2) were examined and the work 
functions of the two faces estimated from them. 
These estimated work functions are plotted with 
the corresponding hours of accumulated heat 
treatment in Fig. 3. An inspection of this graph 
shows the dependence of the work function on 
the crystal plane and on the hours of outgassing. 
The great influence of surface conditions is well 
exemplified. The problem of obtaining a clean 
gas free surface is one of the major difficulties 
encountered in any photoelectric experiment de- 
signed to reveal the intrinsic properties of the 
given substance. 


CONCLUSION 


The evaporation of metal from the surface 
constitutes a form of etching. Hence, the out- 
gassing of a single crystal must be carried out at 
temperatures low enough to prevent evaporation 
if the original face is to be preserved. 

The (111) face assumed a maximum value of 
approximately 0.73 volt positive with respect to 
the (100) face after 500 hours of outgassing. 
This difference is greater than the maximum 
difference reported by B. A. Rose? in his inves- 
tigation of the contact difference of potential 
and is of the same sign. The corresponding 
threshold wavelengths are 2540A for the (111) 
and 2200A for the (100) faces. The work is being 
continued with a monochromatic illuminator. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


Induced Radioactivity Using Carbon Targets 


In a previous letter' we reported observations which 
showed that at 1000 kv any artificial radioactivity pro- 
duced in a carbon target when bombarded with protons 
must be less than one-eight-thousandth of that produced 
by deuterons, and we concluded, therefore, that any 
proton-effect comparable to the deuteron-effect, as ob- 
served by other workers, must be due to deuterium- 
contamination. 

At the Berkeley meeting Professor Lauritsen presented 
data obtained by himself and his colleagues showing that 
the excitation-functions for the two effects were markedl\ 
different, and suggested that most of the discrepancy was 
caused by the fact that the magnitude of their deuterium- 
effect, given as ten times the proton-effect at 900 kv, 
would actually correspond to the true value for a con- 
siderably lower uniform ion-voltage, due to the rapid 
decrease in the effectiveness of deuterons with voltage and 
the fact that the alternating-current ion-beam of their 
apparatus contains relatively few ions of velocity corre- 
sponding to the peak-voltage. This made it possible that 
their observed proton-effect might be smaller than the 
experimental limit (one-eight-thousandth of the deuteron- 
effect) for our proton-determination. Our conclusion based 
on this large ratio obviously could not apply to effects 
smaller than the absolute magnitude specified in our 
report. By increasing our sensitivity we have since ob- 
served the proton-effect in question; the ratio of the two 
effects, however, substantiates our earlier statement. We 
were thus in error in ascribing the proton-effects announced 
by the Cambridge and Pasadena groups to deuterium- 
contamination. This result was reported in the discussion 
at the International Conference on Physics at London in 
October, 1934. 

Recently we have obtained the excitation-curves for the 
two effects over the range below 900 kv. These observations 
are shown plotted on a logarithmic scale in Fig. 1. We 
have been able to make our intensity-scale entirely com- 
parable to that of the Pasadena workers by using one of 
Professor Lauritsen'’s own electroscopes, which he kindly 
sent us at our request, for this purpose. By measurement, 
a discharge rate of 4 divisions per minute per microampere 
on this Lauritsen electroscope corresponds to about 30 
counts per minute per microampere on a Geiger tube- 
counter with a 6-mm diameter window 4 cm from the 
activated carbon disk. This gives an absolute yield of 
about one disintegration per 10'° incident protons. The 
voltage-calibration was obtained by assuming a range of 
10 mm for 500 kv protons? and then adjusting sphere-gap 
measurements at other voltages proportionately. 


twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions ex- 
pressed by the correspondents. 
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Fic. 1. Excitation-function for induced radioactivity from carbon. 











From Fig. 1, it appears that even at the lowest voltages 
the effect produced by deuterons is considerably greater 
than that for protons, in agreement with the latest observa- 
tions of Cockcroft.* The significance of the shape of the 


proton-curve will be discussed in the letter following. 
L.. R. HAFSTAD 


M. A. Tuve 
Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 
February 19, 1935. 


1 Hafstad and Tuve, Phys. Rev. 45, 902 (1934) 
? Cockcroft and Walton, Nature 129, 242 (1932); also Blackett and 


Lees, Proc. Roy. Soc. 134, 665 (1932). 
§ Cockcroft, Gilbert and Walton, Proc. Roy. Soc. A148, 225 (1935). 


Resonance Transmutations by Protons 


The great difference in the efficiency with which protons 
and deuterons were found to produce induced radioactivity 
in carbon, together with the slow rise with voltage of the 
effect for protons, as reported by Lauritsen at the Berkeley 
meeting, suggested strongly that the proton-effect might 
indeed be the infrequent radiative-capture process which 
was to be expected from theory. This possibility was 
considered by Breit and Yost! who were able to obtain 
qualitative agreement between theory and experiment 
insofar as the magnitude of the effect was concerned, but 
encountered difficulties in reconciling the theoretical 
excitation function with the available experimental data. 
During a visit by Professor G. Breit, we accordingly 
undertook to obtain more accurate observations on the 
proton-efficiency at various voltages. 
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Fic. 1. Excitation-function for induced radioactivity from carbon 
(thick target). 


The results obtained for carbon are best summarized by 
the curves of Fig. 1, which shows the last two of a series of 
twelve similar observations on both thick and thin targets. 
The indicated “half-width” of about 15 kv for the 400-kv 
level is supported by thin-target observations; the width 
of the second level at about 480 kv has not been carefully 
examined. Voltage differences in any one sequence are 
accurate to perhaps 20 kv but the error in the absolute 
voltage-scale, calibrated as described in our letter above, 
is probably greater. Fortunately, the existence of sharp 
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Fic. 2. Excitation-function for gamma-rays from fluorine (moderately 
thin target). 
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Fic. 3. Excitation-function for gamma-rays from lithium (thin target). 


voltage-thresholds, such as these, will make it possible to 
eliminate rapidly any differences in the absolute voltage- 
scales being used in different laboratories. 

In connection with the observations on carbon, it has 
been convenient to use the Lauritsen electroscope to survey 
the variation with voltage of gamma-ray emission under 
proton-bombardment for several elements. The result for 
fluorine from two days’ observations is given in Fig. 2. 
The three resonance-levels at about 320 kv, 600 kv and 
700 kv, suggest among other things, that the gamma-ray 
emission does not bear a simple relation to a hypothetical 
short-range group of alpha-particles as has been suggested. 

A thin-target curve obtained for lithium is shown in 
Fig. 3. The sharp resonance at 450 kv supports the sug- 
gestion of a resonance at medium voltages made by 
Professor Lauritsen at the Berkeley meeting. This thresh- 
old probably accounts for the failure of Oliphant and 
Westcott to observe gamma-rays from lithium bombarded 
by protons, as reported at the London Conference. If the 
strong indication of a second resonance at 900 kv is verified 
by future observations showing a decrease at higher 
voltages, it must follow that the height of the lithium 
potential-barrier is well in excess of 900 kv in contrast to 
the indications from alpha-particle emission data. 

It is clear that gamma-ray emission is more complex 
than has been assumed, and that accurate voltage specifi- 
cation is essential in the analysis of gamma-ray compo- 
nents. 

We are grateful to Professor Lauritsen for the electro- 
scope he very kindly sent us, which has proved to be 
exceedingly convenient in this work. We also wish to 
thank Professors Breit and Gamow for their enthusiastic 
interest in the problem of radiative capture, and Messrs. 
Brown and Dahl for invaluable technical assistance. 

L. R. Harstap 
M. A. Tuve 
Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 
February 19, 1935. 


' Breit and Yost, Phys. Rev. 46, 1110 (L) (1934). (See also letter in 
this issue.) . 
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Radiative Capture of Protons by Carbon 


In a previous note’ we reported that the ‘‘potential 
well” picture of the nucleus and the ordinary theory of 
dipole radiation give a sufficiently high probability to the 
C"+H'-+-N' +7 to make it possible to explain the forma- 
tion of radioactive nitrogen under proton bombardment 
as due to such radiative capture. In the calculations the 
captured proton state has an orbital angular momentum 
L =0 and the part of the incident wave responsible for the 
capture has L=h. Some numerical errors in substitutions 
into Eq. (2) of I gave erroneous information as to the 
position of the first resonance level for L =h. The calcu- 
lations have since been rechecked and it was found that 
for the model used in preparing the last table a resonance 
level lies within the experimental range of voltages. 

We were kindly supplied with some unpublished data by 
Crane* and Lauritsen which showed a decidedly steeper 
rise of the yield with voltage than would be expected from 
the above-mentioned note. Their results indicate resonance 
at about 600 kv which fits in with the corrected resonance 
level. The use of alternating current masks the resonance 
phenomenon somewhat in these experiments. A very clear 
and indisputable experimental result has been obtained 
meanwhile independently by Hafstad and Tuve* who find 
by experiments on thick and on thin targets that there 
are two resonance peaks for the formation of radioactive 
nitrogen, at 400 kv and at 480 kv, respectively. These 


data are in approximate agreement with the recently 


(= i c Nc Npl 
M,+M, / 137.2 v (Rd)*R 


where G/p is the solution of the radial wave equation for 
L =h at resonance, Ne is the number of carbon atoms per 
cm’, Np is the number of incident protons per second, 
lo is the range of the protons in carbon at the resonance 
voltage, V/p is the solution of the radial wave equation for 
L =0 and otherwise the notation is as in I. The exponential 
Gamow factors cancel in this formula because G appears 
to the same power in the numerator and denominator. 
This expression is not exact theoretically and applies only 
in cases of sharp resonance for which the upper integration 
limit of §|G\*dp can be defined without ambiguity as 
being several times kX. We verified that this expression 
and Eq. (2) of I give close agreement with results. The 
penetration through the barrier does not matter much for 
the final vield, because changes in the width of resonance 
approximately compensate for changes in G at resonance. 

The type of change necessary to decrease the theoreti- 
cally expected yields is that of concentrating the bound 
proton state inside the N' nucleus so as to decrease its 
overlapping with G. This could be accomplished by using 
a wide and shallow well with an additional deep and 


* 
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published curve of Cockroft, Gilbert and Walton,‘ who, 
however, do not definitely speak of the existence of 
resonance. Because of resonance the theoretically expected 
vields are much greater with the type of model used than 
was previously expected. We made calculations using 
Eq. (2) of I for three values of the nuclear radius R. In 
each case the depth of the potential well U’ was adjusted 
so as to give resonance at about 560 kv. The binding 
energy of the proton in the captured state and the yield 
in thick targets were calculated. For R10" =0.33, 0.41, 
0.52 cm the binding energies are 9.7, 6.0, 3.7 mev and the 
yields are 410°, 1.610*, 0.6 10° captures per micro 
13.4, 8.3 mev. The 


ampere per second while U =21.4, 
recoil motion of the C" nucleus was taken into account in 
these calculations. The computations of the yields involved 
some numerical integration and are not very accurate 

Experiment gives yields which are about 10~* or 10 of 
those calculated and it is significant that changes in the 
nuclear radius in the limits given above change the yield 
only by a factor of 7.6 while the combined requirement of 
correct resonance and binding energies fixes the radius 
between 0.35 X10~" and 0.45 X10~" cm. We have thus a 
definite contradiction between a model with a constant depth 
and experiment.® 

The calculated yield is not sensitive to exact adjustment 
of the resonance level to the experimental value. Thus for 
thick targets on the assumption of the 3/2 power law for 
variation of range with energy one can express the yield 


per second of bombardment as 


j eva lp 


|S || ao fv) 


narrow sink at very small r. It would seem more likely 
however, that the present disagreement between theory 
and experiment is due to the exclusion principle. A con 
sistent application of the Heisenberg-Majorana or of the 
Wigner theory of proton neutron interaction will not lead 
to a simple central field picture. 

rhe half-value breadth is approximately i0 to 20 kv by 
calculation. The general rise of the Cambridge and Pasa 
dena curves speaks for a larger width while the observations 
in Washington indicate two peaks each of more nearly the 
calculated magnitude. The apparent disagreement in the 
voltage scale of Washington with that of Cambridge and 
Pasadena is not very significant for the theoretical inter 
pretation of the yield because it does not depend critically 
on the resonance voltage. There is no real difficulty in 
finding an explanation for the doublet structure because 
the vibrations of the @ particles with respect to each other 
and the coupling of their potential valleys can give rise to 
multiplet structure. Such effects would also give a fine 
structure of the normal level of N'* which may be the 
cause of the existence of two groups of positrons ejected 
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by N™ according to Cockroft’s London conference report. 
More detailed calculations are necessary in this connec- 
tion. 

If a potential well with variable depth is even a roughly 
correct picture one should expect similar reactions for 
heavier elements provided the resonance levels fall in 
attainable voltage regions. 

G. Bre 
F. L. Yost 
Department of Physics, 
University of Wisconsin, 
February 18, 1935. 


1G. Breit and F. L. Yost, Phys. Rev. 46, 1110 (L) (1934). Referred to 
as | in the text. 

2? We are very much indebted to Professor Lauritsen for supplying 
us with these data. 

? Hafstad and Tuve. See letters in this issue. We are grateful for 
being informed of the results of these experiments before publication. 

‘J. D. Cockroft, C. W. Gilbert and E. T. S. Walton, Proc. Roy. Soc. 


A148, 225 (1935). 
‘Cf. Henry Margenau, Phys. Rev. 46, 613 (1934) for evidence of 
similar breakdown of such a model in heavy nuclei. 


Hyperfine Structure of Y II Lines 


The yttrium spectrum has been excited in a water- 
cooled hollow cathode lamp of the vertical type by using 
argon as the exciting gas. A strong Y II spectrum results. 
The lines have been examined for hyperfine structure with 
a Fabry-Perot etalon inserted between the collimating lens 
and the prisms of a three-prism Steinheil spectrograph. 
A separation of 3, 4, 5, 8, 10, 12 and 20 mm has been 
used between the etalon plates. The three lines listed in 
Table I have shown components. 


TABLe I. Hyperfine structure in lines of Y 11 


Classification Int hair A » cm Ay cm 

4d? 4Fy—4d5p *D 7 4786.755 20885.15 
—0.77 

10 4786.580 20885.92 

4d? *F3—4d5p *Ds 10 4900. 130 20401.93 
+0.15 

4900.09 2 20402.08 

4d? 4F s—4d5p 4D 5 4854.089 20591.76 
— 0.38 

10 4854.870 20592.14 


Since no more than two components have been found 
for any one line a nuclear moment of 1=} is indicated 
A more complete study of the structure is in progress, 
and the detailed results will be published later. 

The writers wish to express their thanks to Professor 
L. F. Audrieth of the University of Illinois, Chemistry 
Department, for the supply of Y—Hg alloy which enabled 
this investigation, and to Professor R. C. Gibbs of Cornell 
University who has kindly loaned us a pair of Hilger 
etalon plates. 

P. GERALD KRUGER 
C. N. CHALLACOMBE 
Physics Department, 
University of Illinois, 
March 1, 1935. 
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Ionosphere Studies 


The virtual height of the F, region of the ionosphere 
appears to have a definite seasonal variation as shown in 
the accompanying graph. Over a period of sixteen months, 
August, 1933 to November, 1934, inclusive, the virtual 
height, taken near 1200 EST, varies from approximately 
250 km in the winter, to 375 km in the summer. The solid 
curve represents this seasonal effect. The values shown 
for the individual months are monthly averages of the 
virtual heights taken over a frequency range from 4500 
kilocycles per second up to the particular frequency where 
the virtual height increases because of the proximity to 
the critical frequency. 

Two possible explanations of such seasonal variation 
may be offered. (1) In the summer there exists a greater 
diffusion of the electrons in the F; region. If such was the 
case the wave, having penetrated into the F; region, might 
travel an appreciable distance in the layer before being 
returned to earth. Because of the greater path traversed at 
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low group velocity, a greater virtual height would be 
observed. (2) The F layer is known to separate into two 
regions, F, and F;, during a summer day. The wave, 
although returned from the F; layer, may have its velocity 
retarded in traversing the F, or any ionized region below 
the F, layer before contacting the latter and again upon 
leaving it. This would at once indicate a higher virtual 
height. 

It is interesting to note a correlation between the 
virtual height curve and one for the range of the intensity 
of the horizontal component of the earth's magnetic field 
at Cheltenham, for the corresponding period of time. The 
dashed curve represents an average of the horizontal range 
for the same days that observations were made on the 
ionosphere heights. 

E. B. Jt DSON 

Department of Commerce, 

Bureau of Standards, 
Washington, D. C., 
February 20, 1935. 
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Nonelastic Collision Cross Sections for Slow Neutrons 


The production of artificial 8-active isotopes by neutron 
impacts, which has been investigated by Fermi and others, 
shows a considerable increase by sending the neutrons 
through substances containing hydrogen. It is generally 
assumed that the effect of these substances is to reduce 
the velocity of the neutrons to a fairly small fraction of 
its initial value. 

At first it seems very astonishing that the cross sections 
for these processes as reported by various authors become 
very much larger than the geometrical cross section of the 
nuclei in some cases. Chadwick and Goldhaber' use this 
as an argument in assuming that the collision processes 
are due to forces acting at distances which are large 
compared with nuclear dimensions. Such a phenomenon 
would be of very great interest. Indeed Beck and Sitte* 
have pointed out that the radioactive 8-decay might 
possibly take place partially outside the transformed 
nucleus. 

We wish to point out, however, that a very simple 
quantum-mechanical model sometimes leads to large cross 
sections and that therefore a definite conclusion cannot be 
drawn concerning the region in which these processes take 
place before more detailed evidence is available. We shall 
consider a small sphere absorbing an incident plane neutron 
wave. This model is evidently quite independent of detailed 
assumptions concerning the collision process and accounts 
for any nonelastic collisions. Let m be the absorption 
coefficient of the sphere, &, =(24/h)(2mE)'=29r/d the 
wave number of the neutrino outside the nucleus, and 
ky =(29/h)[2m(E+U)} the same quantity inside the 
small sphere of radius XR. Then the absorption cross section 
for particles with zero angular momentum becomes 





| oak Al ®(cos 2a+# sin 2a) |: 
S ————— —j(a+18) 
Q 7 1+e7 8 (cos 2a +2 sin 2a) 1) 
b aa —_—_—_—— (1) 
k;? eo: i-e **(cos 2a+i sin 2a) 
\t a —_—————  +1(a +18) | 
1+e-*(cos 2a+i sin 2a) 


a=k,R; B=mR; y= R. 


Under favorable assumptions for mo(mR—1) and for 
sufficiently small values of & (i.e., for slow neutrons) (1) 
reduces to the form 


Qom RA. (2) 


Thus, for sufficiently slow neutrons the cross section, Qo, 
exceeds the geometrical cross section, g=*R?, by a factor 
di /29rR, which may take values as large as 10,000 provided 
the neutrons have ordinary temperature velocities. 

Though no exactly corresponding phenomenon exists 
for light, we may regard this result as similar to the well- 
known fact that in the case of resonance the cross section 
between atoms and light quanta can become 


Q~d:?/4e, (3) 


which is even of one order higher with respect to A; than (2). 


If the velocity of the neutrons decreases, we shall thus 
generally expect an increase of the cross section (2) up to 
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a lower threshold value of the effective neutron velocities, 
which of course will be different for various elements and 
in some cases may be at zero velocity. 

Whether this explanation will be sufficient to account 
entirely for the observed facts cannot be said before more 
detailed experimental evidence is available. 

G. Beck 
L. H. Horsey 
Department of Physics, 
University of Kansas, Lawrence, 
February 19, 1935. 


' Chadwick and Goldhaber, Nature 135, 65 (1935). 
? Beck and Sitte, Zeits. f. Physik 86, 105 (1933). 


The Far Ultraviolet Absorption Spectra and Ionization 
Potentials of Methyl Bromide and Chloride 


The absorption spectra of methyl bromide and methyl 
chloride have been photographed under high dispersion in 
the region 1800-1000A. The bands in methyl bromide 
start around 1786A and go to two distinct limits. The 
strong bands can be arranged in two electronic series. The 
higher members conform very well to Rydberg formulas 
and there are only slight deviations in the case of the lower 
ones. As many as ten series members were observed in 
each case. The limits of the two series were found to be 
85,020 cm™ and 87,590 cm™ corresponding to ionization 
potentials of 10.488 and 10.805 volts, respectively. The 
probable error is not greater than 0.002 volt. 

In methyl chloride a similar absorption spectrum was 
found. The strong bands start at about 1400A and go to 
limits around 1100A. An analysis of the bands showed 
that they also consist mainly of two electronic series going 
to the limits 90,520 cm™ and 91,180 cm™ which correspond 
to the ionization potentials 11.17 and 11.25 volts. On 
account of the proximity of the two ionization potentials 
there is a little uncertainty as to the assignment of some 
of the higher members. However the values given are 
believed to be correct to 0.01 volt. 

Professor R. S. Mulliken has privately informed the 
author that the difference between the two ionization 
potentials observed for each of the methyl! halides is in 
each case in excellent agreement with the difference he has 
calculated on the assumption that the excitation is of a 
nonbonding mpx electron.' The absence of vibrational 
pattern accompanying the higher series members is further 
confirmation that the electrons are of a nonbonding type. 
However, the actual values of the ionization potentials 
observed are somewhat lower than those predicted and 
the author suggests that this may be partly accounted for 
by the presence of a dipole of about 0.3 x 10~"* e.s.u. in 
the methyl group. 

W. C. Price 

Rowland Physical Laboratory, 

The Johns Hopkins University, 
March 1], 1935 


1R. S. Mulliken, Phys. Rev. 47, 413 (1935 
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The Scattering of Protons in Collisions with Neutrons 


The scattering of protons and neutrons in their collisions 
with each other is of importance in connection with one 
of the most fundamental problems of physics—the nature 
of the neutron and of the proton, and their relationship to 
each other and to the negative and the positive electron. 
The neutron, an atom of zero atomic number,' may 
consist of a proton and a negative electron 


o> p_y + 1:2 


as is in agreement with the Harkins*-Heisenberg’ theory 
of the general composition of atomic nuclei, or a proton 
may consist of 4 neutron and a positive electron 


1 p_i—mol my +) _s. 


On either basis the collision between a proton and a 
neutron gives a problem similar to that related to H,*. 
There may be scattering, or a deuteron may be formed. 

On this basis a neutron-proton exchange reaction is 
involved, as well as the possibility that in some collisions 
deuterons are formed.‘ The scattering should be affected 
by this exchange. 

A new neutron source is now being prepared in this 
laboratory, and this is to be used under conditions which 
should lead to a better solution of the neutron-proton 
collision problem. Measurements of the angle @ between 
the direction of the proton and that of the neutron before 
impact, have been made for 426 neutron-proton collisions 
with somewhat larger, and therefore less suitable neutron 
sources. 
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For elastic spheres of equal mass the scattering is a 
maximum at 45°, while Fig. 1 exhibits a maximum at a 
value of about 20° for 6, the angle between the initial 
direction of the neutron, and the direction of the proton. 
For the spheres the distribution is uniform in all directions 
to an observer at the center of gravity of the system, so 
that if equal intervals in the value of cos 2@ are taken the 
number (N) is constant. This is not true for Table I 
which presents the data of Fig. 1 in this modified form. 


TABLE I. Number (N) of proton tracks per 1000 in each interval 
of O.1 in cos 28. 


(@2 is the value of @ at the end of the interval.) 











6: N 6: N 6: N 6: N 
12.9 213 33.2 48 47.9 29 63.5 22 
18.4 115 3%6.2 41 50.8 3» 67.2 18 
22.8 94 39.2 37 53.8 » 71.6 20 
26.5 71 42.1 33 56.8 25 77.1 27 
30.0 59 45.0 30 60.0 24 90.0 32 











To the observer at the center of gravity 770 proton 
tracks are projected forward and 230 backward. The 
values of N for the first seven intervals of 0.05 in cos 2¢ 
are 141, 72, 61, 54, 44, 38, 33. Auger* and Meitner* obtain 
a scattering which agrees with that for elastic spheres, 
while that obtained by Kurie’ is somewhat similar to, 
though not the same as that found in our experiments. 

Fig. 2 gives the number of recoil protons obtained for 
each interval of 5° in the value of the angle (6) of scattering. 

The values of Fig. 1 were weighted. The neutron source 
was beryllium mixed with mesothoriam for the work in 
ethylene, and this plus thorium X for that in hydrogen. 
The diameters of the sources were about 6 mm jn ethylene 
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and 4 mm in hydrogen. To each collision a spread in 
scattering angle was attributed. This was equal to the 
angle subtended at the point of impact by a sphere 8 mm 
in diameter. This makes some allowance for the fact that 
around the source there was a hemispherical wall of 
platinum 0.5 cm thick, used to keep x-rays from the 
chamber, and thus produces some scattering. 

The number of points at which the neutron-proton 
collisions occurred was found to be very nearly proportional 
to the inverse square of the distance. 

WiiiiaM D. HARKINS 
Davip M. Gans 
MARTIN KAMEN 
HENRY W. NEWSON 
University of Chicago, 
February 25, 1935. 

1W. D. Harkins, J. Am. Chem. Soc. 42, 1956 (1920); E. Rutherford, 
Proc. Roy. Soc. A97, 374 (1920). 

?W. D. Harkins, J. Am. Chem. Soc. 43, 1038 (1921); W. D. Harkins 
and S. L. Madorsky, Phys. Rev. 19, 139 (1922). 

*W. Heisenberg, Zeits. f. Physik 77, 1 (1932) 

*E. Wigner, Zeits. f. Physik 83, 253 (1933). The writers have dis 
cussed this with Professor Guido Beck. 
* P. Auger and G. Monod-Herzen, Comptes rendus 196, 1102 (1933) 


*L. Meitner and K. Philipp, Zeits. f. Physik 87, 484 (1934) 
’F. N. D. Kurie, Phys. Rev. 44, 463 (1933). 


The Enhancement of Cosmic-Ray Nuclear Bursts by the 
Presence of Subsidiary Material 


* 


It has been pointed out!:? 
graphs of showers of rays strongly suggest that a shower 
contains radiation which has the power of creating another 
shower. Hence it should be possible for the radiation 
accompanying a shower formed in one body to produce a 
shower in another body. An experiment to show this 
phenomenon has been performed. As the first body the 
water contained in a tank 126 cm in diameter and 150 cm 
high was employed. Seventy-five centimeters below the 
a spherical ionization 


that cloud-chamber photo- 


tank was placed the second body: 
chamber of cast steel of 2.5 cm wall thickness and 14.2 liters 
capacity, filled with nitrogen to a pressure of 12.5 atmos- 
pheres. The number of bursts of ionization greater than 
0.45 X 10° ions occurring in the chamber was measured for 
different thicknesses of water. As the depth of the water 
was increased, the number of bursts first increased, so that 
at a thickness of 79 cm of water, the number was about 
20 percent greater than at zero thickness. At still greater 
depths of water, the number of bursts decreased, until, at 
136 cm, approximately as many bursts were observed as 
at zero thickness. This is represented by the center curve 
of Fig. 1. Some observations were also taken with a slightly 
higher sensitivity in which bursts greater than 0.35 < 10° 
ions were measured. The increase between zero and 41 cm 
of water for these bursts is shown in the upper curve of 
the figure. 

At first glance, the simplest interpretation of these data 
would seem to be that the additional bursts observed 
when water was present were bursts of ionizing rays 
originating in the water and passing through the walls of 
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Fic. 1. The rate of occurrence of bursts of ionization in chambers 


placed below different thicknesses of water. The vertical lines at the 
observed points represent the standard deviation in the rate computed 
from the square root of the number of bursts observed 


the ionization chamber despite the large intervening 
thickness of water and iron. However, when an ionization 
chamber with one centimeter magnesium walls was substi- 
tuted for the steel one, the number of bursts decreased 
uniformly as the depth of the water was increased. These 
data are shown in the lower curve in the figure. The 
magnesium chamber had a volume of fifty liters and was 
filled with nitrogen to a pressure of 14.5 atmospheres. In 
order to compare its results with those obtained with the 
steel chamber, bursts of a somewhat larger size should be 
considered. The size of burst in the magnesium sphere 
comparable to 0.45X10* ions in the steel chamber is 
0.78 X 10° ions if we suppose the ionization per centimeter 
of path should be the same, and 1.84X10* ions if the 
ionization per unit volume should be the same in the two 
cases. A value between these two, viz., 1.0 10* ions, has 
been chosen for the purposes of this comparison 

The uniform decrease in the number of bursts observed 
with the magnesium chamber obviously represents the 
absorption of the primary burst-producing rays. It is of 
the order of magnitude to be expected from the variation 
with altitude of the number of bursts in this chamber.* 
There is no evidence of the three or four bursts per hour 
coming from the water whose occurrence the data taken 
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with the steel chamber seem to indicate. Thus we must 
conclude that the additional bursts in the steel chamber 
originate in its walls, but are occasioned by the presence 
of the water. The eventual decrease in the number of 
bursts with increasing thickness of water represents here 
also the absorption of the primary burst-producing rays. 

The initial increase in burst frequency must be produced 
by some kind of radiation coming from the water. That 
this radiation is accompanied by a shower of ionizing rays 
is evidenced by the following experiment. Three Geiger- 
Miller counters, each of area 109 square centimeters, were 
placed below the water tank and above the steel sphere in 
such positions that they would only be simultaneously 
discharged by at least three ionizing rays. The simultaneous 
discharges of these three counters were made to light a 
small lamp which made a trace on the same photographic 
paper on which was recorded the occurrence of the bursts 
of ionization. Thus the simultaneous occurrence of a burst 
and the discharges of the three counters could be recog- 
nized. With 41 cm of water in the tank, observations were 
taken for a period of 10.8 hours. During this time 69 
simultaneous discharges of the counters occurred, and 19 
of these were coincident with the occurrence of a burst of 
ionization greater than 0.35 X 10° ions in the steel chamber. 
Thus the radiation from the water which will produce 
bursts in the steel chamber walls is accompanied by a 
shower of ionizing particles. 

The authors wish to acknowledge gratefully the financial 
support of the American Philosophical Society in these 
experiments. 
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The Liquid State 


In the consideration of the application of the third law 
of thermodynamics to the undercooled liquid state,’ the 
writer was impressed by the analogy which holds between 
the electrons in a metal and the molecules in a liquid. 
The entropy of a liquid involves a ternt which depends 
upon the possibility of the molecules being arranged in 
different configurations of the same energy. These con- 
figurations are in resonance with one another, and the 
state of the liquid is to be described as a combination of 
various configurations. The statistics which apply to the 
molecule are, of course, not the same as for the electron, 
and the problem of writing the wave functions is even 
more difficult than in the case of the electron in the metal. 

Herzfeld and Mayer* have recently discussed the melting 
of crystals. They consider the impossibility of superheating 
a crystal to be a unique phenomenon. It is, of course, but 
the explanation of this behavior is not difficult. The 
melting point must depend upon the equilibrium between 
the solid and liquid states, and is, therefore, a measure of 
the multiplicity of configurations per molecule in the 
liquid state which correspond to the single configuration 
in the crystal. Naturally, the entropy of fusion is the 
greater the more complex the molecule. Superheating does 
not occur because the heat of activation for fusion is 
small, presumably no greater than the heat of fusion. In 
other words, the two states are not separated by a high 
potential barrier. The situation is quite different with 
respect to a transition point. Here, for transformation 
from one crystal form to another, a heat of activation 
essentially equal to the heat of vaporization is required. 
If the two crystal forms are brought into intimate contact, 
the heat of activation is reduced and superheating no 
longer occurs. 

W. H. Ropesusa 

University of Illinois, 

February 21, 1935 
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